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Abstract
Following a literature survey into neutron detection methods, a conceptual design for 
a novel dose meter was proposed consisting of a pair of CdZnTe (CZT) detectors 
with a thin sandwiched layer of 6LiF between, achieved by coating one of the 
detectors with 6LiF. A detector was constructed using two 1 0 x 1 0 x 2  mm CZT 
detectors, of which one was coated with a 4 pm 6LiF layer. Coincidence counting of 
the alpha particle and triton arising from the 6Li (n, a) 3H reaction was used to reduce 
the gamma background. Development of this design was carried out by undertaking 
experimental work on a simple prototype and by conducting Geant4 simulations. The 
Geant4 simulation work included comparison of simulations with experimental data 
to validate the modelling work carried out. Results from this work show that neutron 
detection is possible using this technique, using a 6LiF layer of a few microns 
thickness, and that inference of neutron energy from the detector response is 
possible in principle. Also identified as a result of the modelling work were 
drawbacks and limitations with the use of CZT, notably the opacity of the 2 mm thick 
detectors used in the experimental work to thermal neutrons. This affected detector 
performance significantly, leading to detector separation playing a key role in 
detector efficiency, with efficiency also varying strongly with neutron field direction. 
The presence of neutrons was detected in a mixed neutron and gamma field, 
although 5 cm of lead shielding was required in order to detect a response above 
background. A review of the different methods of neutron detection is also presented 
with a discussion on their applicability to monitoring worker dose in the workplace. 
Having reviewed the performance of available dose meters, it has been concluded 
that there is scope for improved novel instruments as the response of existing 
instruments available has a strong energy dependence.
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1. Introduction
Radiation workers at operational nuclear power plants and at nuclear fuel processing 
and storage facilities may be exposed to mixed photon and neutron radiation fields. 
Neutrons are produced mainly from fission of nuclear material with gamma photons 
arising from radioactive fission products and materials resulting from neutron 
activation.
Exposure to this radiation is potentially harmful as it can cause tissue damage in the 
human body due to the ionising effect of the radiation as it passes through matter. 
Exposure to high doses of ionising radiation causes serious acute effects. Exposure 
at both high and low doses carries a finite risk of cancer or heritable effects which is 
proportional to the dose received. The current assumption is that there is no lower 
threshold for the onset of this risk [ICRP: 2007].
The basic unit of radiation dose is the Gray (Gy), with 1 Gy equal to 1 Joule / kg of 
ionisation energy absorbed. In humans however, this basic unit is modified to 
account for the fact that different types of radiation cause different levels of biological 
damage for the same absorbed dose, depending on how densely ionising they are. 
For example, alpha particles are considered to be 20 times more damaging to the 
human body than photons, hence they are given a radiation weighting factor of 20 
with photons having a radiation weighting factor of 1. A unit of equivalent dose, the 
Sieved (Sv) is then defined as the product of absorbed dose in Gy and radiation 
weighting factor. This allows doses from different types of radiation to be compared 
[ICRP: 2007].
Although neutrons are not directly ionising, they can generate strongly ionising 
secondary particles such as protons. The secondary radiation produced by neutrons 
in the body varies strongly with neutron energy, and therefore unlike all other types 
of ionising radiation which are assigned constant energy independent radiation 
weighting factors, the neutron radiation weighting factor is assumed to vary with 
energy as shown in Figure 1.1.
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Figure 1.1 Radiation weighting factor for neutrons versus neutron energy 
[ICRP: 2007]
Radiation weighting factor is related to the Linear Energy Transfer (LET) (defined as 
the energy lost through unit length of material by a charged particle) of the radiation. 
Higher LET radiation being given higher radiation weighting factors [ICRP: 2007]. 
The shape of Figure 1.1 is driven principally by the dominance of energy loss by 
neutron absorption followed by the emission of low LET gamma photons at lower 
energies, the increasing relative significance of recoil reactions resulting in high LET 
recoil nuclei (particularly protons) as energies increase and then the decrease in 
LET with increasing neutron and hence recoil nuclei energy.
Consequently, knowledge of neutron energy is vital in determining the biological 
effect of a particular neutron source on the human body. It is insufficient to merely 
measure total energy deposition at a standard depth below the skin, as is possible in 
the case of gamma radiation.
In view of the known harmful effects of radiation, it is a legal requirement that doses 
to radiation workers stay below prescribed limits (currently 20 mSv per annum in the
16
U.K.) and that occupational exposures to ionising radiation are reduced by 
employers to levels that are As Low As Reasonably Practicable (ALARP) [HSE: 
1999]. An additional legal requirement is that suitable individual measurements are 
made of the doses to radiation workers. This is significant as it implies that workers 
must wear individual measuring devices (dosemeters), which by necessity must be 
small and light.
The response of radiation employers to these requirements is, among other things, 
the use of dose constraints. These are local limits set for particular groups of 
workers carrying out specific activities. The constraints are set at levels that are 
thought to be consistent with doses that are ALARP and may be a fraction of the 
legal annual dose limit. This does present problems however. In order to stay within 
an annual dose constraint that is a fraction of the legal dose limit, a sensitivity and 
accuracy is required that seems challenging to neutron dose meters currently 
available. Annual dose constraints for radiation workers may be of the order of a few 
mSv and detection thresholds for neutron dosemeters are typically 0.2 mSv per 
issue. Consequently, managing doses within dose constraints where there is a 
significant neutron component can be difficult. This is in contrast to gamma doses, 
where direct reading electronic dosemeters can read doses reliably of the order of a 
few pSv [Rees: 2005].
This has been subject to ongoing and recent review, particularly as a result of the 
EVIDOS project [D’Errico: 2007], with the conclusion that provision of mixed field 
dosimetry that can measure the neutron and gamma components of radiation fields 
present in the nuclear industry with sufficient accuracy, still presents challenges 
despite many years of development of personal neutron dosemeters [Tanner: 2007] 
[Schuhmacher: 2011]. Recent research into the properties of radiation detector 
materials generally has yielded many novel materials and solutions which can be 
examined for their application to neutron detection [Milbrath: 2008].
The ultimate aim of this research project was therefore to review current neutron 
detection methods in the workplace and to attempt to develop a better alternative 
using a novel approach.
17
When considering how to develop an improved neutron dosemeter, it is important to 
consider what its ideal characteristics would be. As stated previously, such a 
dosemeter must be small and light enough to wear and it must achieve the required 
sensitivity and accuracy. Real time response is also highly desirable to enable an 
operator to have greater awareness of the radiation doses accrued. As the device 
would normally be operating in mixed neutron and gamma fields, sensitivity to both 
neutron and gamma radiation would also be a useful characteristic.
Another significant feature that is absent from most neutron dosemeters and 
portable neutron radiation monitoring equipment is the ability to measure neutron 
energies rather than just detecting neutrons. This can be illustrated by examining 
Figure 1.2.
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Figure 1.2 Neutron Spectra at a Storage Bunker for Pu-Be Sources 
[ Rimpler: 2003]
Figure 1.2 shows neutron spectra that were encountered at a facility storing Pu-Be 
sources in two different configurations, either shielded or unshielded. It can be seen 
that the spectra are very different. Consequently, unless the response of an 
instrument to equivalent dose is independent of energy, or the instrument is able to
18
compensate because of its ability to determine neutron energy, then it may well 
respond inaccurately.
The potential issues this can cause can be deduced from the energy response 
curves over of a Leake type neutron radiation survey meter and a HPA personal 
neutron dosemeter which are shown in Figures 1.3 and 1.4. These types of device 
are widely used in the nuclear industry and are used as standard equipment by the 
author’s employer at the Harwell and Winfrith Nuclear Licensed Sites.
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Figure 1.3 Normalised response of Leake type meter [Bartlett: 2002]
It can be seen that the response of these two instruments is quite different, with the 
response of the Leake detector strongly peaking between neutron energies of 1 and 
10 keV whilst the response of the HPA dosemeter peaks at 1 MeV and appears to 
decline significantly for energies below this.
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Figure 1.4 Normalised response of HPA personal neutron dosemeter [Gilvin: 
2001]
If these responses are compared with the spectra shown in Figure 1.2, it seems 
unlikely that there will be consistency between the two devices and the two spectra. 
Differences in measurements between equipment types can lead to confusion and 
uncertainty about the level of risk actually present. The ability of a device to respond 
accurately to changes in neutron spectra is clearly very significant, it was therefore 
considered to be an essential element of the proposed novel dosemeter.
Important steps leading to the design and testing of the novel dosemeter were to 
carry out a literature search on different potential designs and technologies and to 
gain an insight into the accuracy and response of a number of existing proprietary 
dose meters. In the course of the literature search, a design was identified that could 
be used as the basis for a novel dosemeter.
A review of the relevant nuclear physics principles governing the production of 
neutrons and the interaction of neutrons and gamma photons was carried out.
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It was decided to base the design on the concept of a coincidence detector using a 
thin 6LiF layer using the 6Li to generate alpha particles and tritons via the 6Li (n, a) 
reaction. These would then be measured by 10 x 10 x 2 mm CdZnTe (CZT) 
detectors.
A significant advantage of using CZT detectors of this size for personal dosemeters 
in mixed gamma and neutron fields is that they have a good response to gamma 
radiation as well as charged particles [Pearson: 2001].
This does create a problem however as the signal from the charged particles could 
potentially be overwhelmed by a large gamma response. As a consequence, 
generating a significant charged particle signal above the gamma background is 
significantly more challenging than if using semiconductors made from other 
materials such as silicon or diamond with a lower gamma response [Milbraith: 2008].
Significant development work on the proposed design was then carried out using the 
Geant4 simulation [Agostinelli: 2003], looking at the predicted response of the 
detector to different theoretical fields as well as the simulated field used for the 
practical work. As a result of this, it was determined that the required thickness of the 
LiF layer would be of the order of a few microns.
Following this, the detector was prepared in accordance with the trial dose meter 
design. A major practical issue in this was the coating of one detector with a layer of 
LiF a few microns thick, which was ultimately carried out using evaporation 
deposition under vacuum.
Measurements were then made using CZT detectors, one of which was coated with 
LiF. As well as using the detectors in isolation, the two detectors were attached to a 
coincidence circuit and the coincidence output spectrum of one of the detectors 
examined in response to a neutron source, with varying degrees of shielding in 
place. Further development work was carried out in parallel using Geant4 to support 
the development of the detector and the investigation of its characteristics.
21
Finally, the results from the experimental work and simulations are reviewed and 
recommendations made about the capability of the detector as well as identification 
of weaknesses and limitations. Recommendations for improvements in design and 
suggested further development work are also made.
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2. Basic Nuclear Physics and Radiation 
Interactions
The source and nature of neutrons liable to be encountered in the workplace is 
examined in this Chapter. Also covered are the interactions of neutrons with matter 
as these are the causes of biological damage, as well as enabling neutrons to be 
detected. Other interactions are also of interest as they may cause problems for the 
unambiguous detection of neutrons.
It should be noted that very high energy neutron and other particle interactions are 
outside the scope of this project and are not covered in the present work. In this 
context, very high energy is above 20 MeV as this bounds the upper range of 
neutrons from experimental sources available and is the upper limit of the Geant4 
High Precision model (see section 4.2.2).
2.1 Models of Nuclear Behaviour
There is no complete single theory that describes the behaviour of nuclei. Instead, 
two conceptually quite different models have been developed to predict nuclear 
behaviour which incorporate elements of classical physics and quantum mechanics. 
The first to be developed was the liquid drop model [Gamow: 1929], which can be 
used to explain a number of aspects of behaviour of the nucleus, particularly its 
collective behavioural traits. Following some deficiencies noted in the liquid drop 
model, the nuclear shell model was developed [Goeppert Mayer: 1955]. It is 
analogous to the atomic electron shell model and describes the occupancy of energy 
states by nucleons within the nucleus.
Although the starting assumptions for these two models are quite different, they can 
be used in complementary ways to predict the behaviour of nuclei.
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2.1.1 The Liquid Drop Model of the Nucleus
The underlying assumption of the liquid drop model is that the collection of protons 
and neutrons in the nucleus behave like a classical drop of incompressible liquid. In 
this model, the strong nuclear force is the dominant force within the nucleus, with its 
effect being moderated by electrostatic repulsion and other assumptions that follow if 
behaviour analogous to a liquid drop is assumed. The Semi-Empirical Mass Formula 
(S.E.M.F) [Weizsâcker: 1935] was derived on the basis of these assumptions and 
can be used to successfully predict the general shape of the curve showing binding 
energy per nucleon. A description of the S.E.M.F is given in section 2.2.3.
It can be seen from Figure 2.1, however, that there are values of binding energy at 
particular values for atomic number (A) which are not predicted by the semi- 
empirical mass formula. This is most notable for 4He, which has a binding energy of 
around 7 MeV per nucleon. This could be explained by an underlying shell structure.
10 t
100 150 200 250 300
Figure 2.1: Binding energy (B) per nucleon versus atomic number (A). Note that in 
the above figure, the dots show experimental values for the binding energy per 
nucleon with the solid curve representing values predicted by the S.E.M.F. [Tip 1er: 
1999]
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2.1.2 Nuclear Shell Model
This model is based upon the premise that the nucleons exist in quantum states 
within the nucleus in a common potential well, with shells of nucleons analogous to 
electron shells in an atom.
It is required to explain the presence of certain preferred numbers of nucleons in 
nuclei, the so called “magic” numbers, which give rise to nuclei with unusually large 
binding energies per nucleon [Reid: 1984].
2.2. Nuclear Fission
2.2.1 Introduction
Fission occurs in nuclei where it is energetically favourable for it to do so, that is if 
energy is released as a result of the reaction. Circumstances where fission is 
possible can be deduced by referring again to Figure 2.1. It can be seen that the 
average binding energy per nucleon peaks at around 8.7 MeV for atomic mass A = 
60. Thereafter it decreases so that at A = 238 it is 7.3 MeV per nucleon. As atomic 
number increases significantly beyond 60 towards large mass numbers, it becomes 
possible for the total binding energy of the parent nucleus to be less than that of the 
daughter nuclei and hence fission becomes possible.
2.2.2 The Fission Process
In the liquid drop model, induced fission can be understood in terms of the nucleus 
being excited by the absorption of a neutron, becoming deformed and then splitting.
This is illustrated schematically in Figure 2.2.
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Figure 2.2 Schematic representation of the fission process in uranium [Burcham: 
1985]
Using the liquid drop model assumptions, it can be assumed that, energetically, the 
split can occur if the coulomb repulsion of the developing separate daughters is able 
to overcome the strong nuclear force which diminishes with increasing deformation.
Fission can occur when a neutron is absorbed by a nucleus and the excitation 
energy of the compound nucleus is high enough to overcome the fission barrier (Ef) 
that resists the two potential fission fragments escaping from each other. This is 
illustrated in Figure 2.3, the Q value being the net energy difference as a result of the 
reaction.
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Figure 2.3 Schematic representation of fission barriers for nuclei of A = 100, 236 
and 300 [Burcham: 1985]
It can be calculated [Tipler:2000] [Lilley:2001] that the critical energy Ecr/f to 
overcome the fission barrier for a 236U compound nucleus following capture of a 
neutron by 235U is 6.2 MeV, whereas the excitation energy resulting from capture is
6.5 MeV [Tipler: 2000]. By contrast, the critical energy of the compound 239U nucleus 
following capture of a neutron by 238U is 5.9 MeV and the excitation energy is only
5.2 MeV. Although some fission reactions will occur in this case as a result of 
quantum mechanical tunnelling, the proportion that will lose energy by this method is 
relatively low.
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Figure 2.4: The line of stability for isotopes (black squares) and energy ranges of 
the first 2+ states in even-even radioactive nuclei [Regan: 2011]
Following fission, the resulting fragments are usually rather neutron rich relative to 
the stable isotopes of the same elements. The fission fragments usually lie away 
from the so called “Line of Stability”, which represents the relationship between N 
(the number of neutrons) and Z (the atomic number, or number of protons) for nuclei 
known to be stable against radioactive decay. This is illustrated schematically in 
Figure 2.4, where the black squares represent nuclei which are either stable or have 
decay half lives of greater than 500 million years. The colour coded areas give an 
indication of the stability of other nuclei by showing the energies required to raise 
them to their first exited state with spin/parity 2+.
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Decay of the daughter products towards the stable region then takes place, usually 
by beta emission, although sometimes by the emission of beta-delayed neutrons. 
These delayed neutrons represent a very small proportion of the total released in 
fission (about 0.65% in 235U) but play an important role in enabling nuclear reactors 
to be controlled [Bennet: 1981].
2.2.3 The Semi Empirical Mass Formula
The Semi Empirical Mass Formula can be used to estimate the mass-energy, M of a 
nucleus of mass number A and atomic number Z. In the case of fission and other 
nuclear reactions, it can therefore also be used to estimate energy released. This will 
be the difference between the mass of nuclei before and after the reaction. All the 
products of the reaction must, of course, be known. A form of the S.E.M.F is shown 
below [Burcham: 1985].
M(A,Z) = ZMh + (A-Z)M „- avA + asA2'3 + %  (A - 2Z f  + <?(A, Z) (eqn 2.1)
This formula is based on the liquid drop model of the nucleus where the radius of the 
nucleus R = roA173, with the constants in the equation derived by fitting the formula to 
known experimental data, 
where:
ro is a constant, usually taken as 1.2 10"15 m.
avA is known as the volume energy, with av being 14 MeV per nucleon. It is the 
dominant term in the formula and reflects the effect of the strong nuclear force, 
moderated by the kinetic energy of the nucleons arising from being confined within 
the volume ascribed by the liquid drop model.
asA2/3 is a term proportional to the surface area of the nucleus to correct for the lower 
net binding contribution from nucleons at the surface of the nuclei. as is a constant of 
13 MeV.
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The term -  (A- 2Z)2 is the “asymmetry energy” which accounts for the decrease in
binding energy in nuclei which do not have the same number of protons and 
neutrons. aa is 19.3 MeV. 
a Z2The term is the “Coulomb energy” arising from the nuclear charge distribution
within the nucleus. ac is 0.58 MeV.
The 5 term is a constant which is zero for A odd, +33.5A'374 MeV for A even and Z 
odd and -33.5A"374 MeV for A even and Z even [Burcham: 1985].
2.2.4 Example of Fission in 239Pu
It can be deduced from the semi empirical mass formula and seen from Figure 2.1 
that fission can take place energetically for nuclei with A significantly greater than 60.
However for most nuclei, especially those of lower A, the fission barrier is sufficiently 
large that the probability of spontaneous fission is extremely remote. Of naturally 
occurring elements, only certain thorium and uranium isotopes undergo spontaneous 
fission and even then with an abundance of less than 1 0 '3 % of the total decay rate 
[Baum: 2009]. This is also true of artificially created fissile nuclei such as U233 and 
Pu239.
When induced fission takes place in 239Pu, a wide variety of fission products are 
possible. This can be seen from Figure 2.5, which is based on experimental 
observations.
It should be noted that the probability of symmetrical fission i.e. products of equal 
mass, is low, though not zero.
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Figure 2.5 Distribution of fission fragments from fission in 239Pu [Neiler: 1966]
2.2.4.1 Calculation of Q
For a fission process with a parent (Ap, Zp) decaying to two daughter nuclei (Adi, Zdi) 
and (Ad2, Zd2) and n neutrons, the S.E.M.F. can be used to calculate the Q value as 
follows:
Q = M(AP, Zp) — [M(Adi, Zdi) + M(Ad2, Zd2)+ nMn] (eqn 2.2)
As the net energy difference as a result of the reaction (the Q value) is dependent on 
the products of the reaction, which is variable, energy released as a result of an 
individual fission will be variable. Hence Q values quoted for a particular fission 
reaction will be average values based on very large numbers of fission reactions in 
that particular type of nucleus.
2.2.4.2 Energy of the Prompt Neutrons arising from the
Fission Reaction
As with the overall Q value for the fission process, energies available for the 
neutrons will vary depending on the fission products. A characteristic fission neutron 
spectrum is observed however and is illustrated in Figure 2.6, where S(E)dE is the 
fraction of neutrons in the energy range E to E + dE.
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Figure 2.6 The fission neutron energy spectrum for 235U [Bennet: 1981]
The average neutron energy from this distribution is 1.93 MeV.
2.3 Neutrons Generated by Alpha-n Reactions
Another source of neutrons for experimental purposes and also present in the 
workplace are neutrons generated by alpha-n reactions. An example of this is the 
reaction of beryllium with an alpha particle, typically from americium or plutonium as 
given below [Obst: 1972, Burcham: 1985]:
!B e+  24a V 2C+  >  + 5.7 MeV
Although there is no variability in the products of this particular reaction, the energy 
of the neutron is variable, depending on the relative directions of the particles before 
and after the reaction, the incident alpha particle energy and the final 12C energy 
state. Peaks have been observed at 3.1, 4.8, 6.6, 7.7 and 9.8 MeV [Marsh: 1985]. 
The actual spectrum observed will depend on other factors as well such as 
construction of the source itself, due to energy loss from neutron scattering within 
the source construction materials.
A standard spectrum for the above reaction, with 241Am as the alpha source is given 
in Figure 2.7. It will be noted that neutron energies are higher than the average 
neutron energies for the fission spectrum in Figure 2.6.
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Figure 2.7 Unmoderated Neutron Spectrum from AmBe Source (52 bin) [ISO 
8529: 2001]
2.4 Neutron Interactions with Matter
In addition to the basic fission reactions that have been covered earlier in this 
chapter, there are a number of other possible neutron interactions. Each has its own 
interaction cross section for a particular energy.
2.4.1 Elastic Scattering
In an elastic scattering process, the initial kinetic energy of the incident neutron is 
conserved, but may be partly transferred to the kinetic energy of the recoiling target 
nucleus. Assuming conservation of kinetic energy and linear momentum (a perfect 
elastic collision), it can be shown [Bennet: 1981] that in the extreme case where the 
neutron changes direction by 180°:
E2 = E, [ ( A - 1 ) / ( A +  1)]2 (Eqn 2.9)
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where:
E2 is the final neutron energy, E1 is the initial neutron energy and A is the atomic 
mass number of the target nuclei i.e. the approximate ratio of target nuclei to neutron 
mass.
In the case of a hydrogen nucleus where A = 1, the final neutron energy would thus 
be virtually zero for a head on collision, with all kinetic energy being transferred to 
the proton. If A is large conversely E2 converges on Ei, for example if A = 100, the 
incident neutron will retain 96% of its initial energy even in a head on collision. This 
illustrates the importance of using low atomic mass substances for shielding or 
detection where energetic recoil nuclei are desired due to their strongly ionising 
properties.
2.4.2 Neutron Capture
In this instance, the incident neutron is absorbed to create a compound nucleus 
which subsequently decays by the emission of particles and / or gamma radiation. 
Excluding fission, some of the various types of reaction possible are:
• Emission of gamma radiation only (n, 7);
• Emission of a neutron and gamma radiation (inelastic scattering);
• Emission of a proton (/?, p);
• Emission of an alpha particle (n, a).
In the case of proton and alpha particle emission, some of the excitation energy of 
the compound nucleus can be transferred to the kinetic energy of the residual 
products.
A number of capture reactions of the (n, 7), (n, p) and (/?, a) type are of relevance in 
the detection of neutrons and examples of these are given in the following chapter.
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2.4.3 Thermal, Slow and Fast Neutrons
During elastic and inelastic scattering, the nucleus with which a fast neutron interacts 
is usually assumed to be at rest. (Here, ‘fast’ describes energies of several MeV with 
the neutron typically produced following fission or {a, n) reactions) However, as the 
incident neutron energy is reduced, it can get to a point where its kinetic energy is 
comparable with that of the nuclei in the moderating medium and from that point on 
energy will not be lost, on average, during scattering.
Neutrons in this energy regime are known as thermal neutrons and they have an 
energy spectrum that follows a Maxwell -  Boltzmann distribution with a most 
probable speed of 2200 ms' 1 at 20°C, which corresponds to an energy of 0.025 eV 
(Bennet: 1981].
In practice, a division between slow and fast neutrons is made at 0.5 eV which is the 
cadmium cutoff energy, i.e. the neutron energy above which the very high cross 
section of the 113Cd (n, y) reaction starts to decline rapidly [Knoll: 2000]. It should be 
noted that this reaction is commonly used for slow neutron shielding and is of 
significance for the detectors used in this project due to their cadmium content.
2.5 Gamma Interactions with Matter
As described in Section 2.4, gamma radiation can also arise as a consequence of 
neutron interactions with matter. This needs to be considered in the context of the 
current work as the gamma radiation can cause a response in detectors designed to 
detect neutrons.
Of particular relevance in this project due to the use of a water shielded neutron 
source were the capture 2.22 MeV gamma photons arising from the 1H (n, y) capture 
reaction. Also of interest was the 558 keV gamma arising from the 113Cd (n, y) 
reaction in the CdZnTe detector used in this project [NNDC: 2010].
A large number of different gamma interactions with matter are possible, however for 
measurement and detection purposes, the most significant are the photo electric
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effect, Compton scattering and pair production [Knoll: 2000]. This is because these 
processes result in the transfer of all or a significant part of their energy to electron 
(and positron in the case of pair production) energy.
A basic description of these processes is given below.
2.5.1 Photo Electric Effect
In the photo electric process, all the energy of the incident gamma photon is 
transferred to a bound atomic electron, which is then ejected from the host atom.
The electron is ejected with the energy of the original photon minus the electron 
binding energy. This process dominates at lower photon energies (< 100 keV) in 
elements with higher atomic numbers (Z>30).
2.5.2 Compton Scattering
In the Compton scattering process, the recoil electron is imparted with a proportion 
of the energy of the incident gamma photon, with the residual energy taken by a 
scattered photon. The proportion imparted to the electron can range from (very close 
to) zero to a significant proportion of the incident energy, tending towards a value of 
0.256 MeV (=me / 2) less than the incident gamma energy for large gamma energies.
Compton scattering is dominant for lower atomic number materials across a broad 
energy spectrum and is the dominant mechanism in all types of material in the 
energy range 0.8 to 3 MeV.
2.5.3 Pair Production
For gamma energies above 1.022 MeV, production of electron-positron pairs in 
proximity to a nucleus is energetically possible. This process is known as pair 
production and is the dominant process at higher energies and in higher atomic 
number materials.
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Figure 2.8 The Relative Importance of Types of Gamma Interaction as a Function 
of Z and Gamma Energy [Evans: 1955]
2.6 Conclusions
In the workplace, there are contributions to the energy spectrum of neutrons from 
spontaneous and induced fission and from (a, n) reactions such as shown in section 
2.2.5.
Any spectrum measured in the workplace will also be subject to the various energy 
loss and capture processes identified in section 2.4 and this will be greatly 
dependent on the types of material present in the vicinity of the source either as part 
of the source construction or as shielding material.
Determination of the neutron spectrum in a fixed system is possible by measurement 
and a Monte Carlo simulation may also be constructed. However these approaches 
may not always be practicable and will be subject to the inevitable changes that take 
place in the working environment to source terms and geometries that may 
invalidate assumptions on which calculations or measurements are based.
In addition, the range of different source and shielding scenarios may simply be too 
great to enable all to be characterised satisfactorily within practical limitations.
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As a consequence of this, it is highly desirable for a neutron dosimeter to have a 
degree of energy sensitivity in order to give an accurate response in differing and 
uncharacterised neutron fields. It is clear that the potential for gamma radiation will 
always be present and associated with neutron sources, hence it is a requirement for 
neutron detectors to either discriminate between gamma and neutron radiation or to 
be insensitive to gamma radiation.
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3. Measurement Techniques Currently Available
3.1 Introduction
Neutrons are indirectly ionising and cannot be detected directly by any practicable 
means [Krane 8 8 ]. Detection and measurement is therefore reliant on nuclear 
interactions between the neutrons and a target nucleus, as described in the previous 
chapter, which will generate directly ionising radiation such as protons, alpha 
particles or gamma photons which will in turn produce directly ionising particles. This 
secondary radiation can then be measured and information about the original 
neutrons inferred.
Whether a nuclear interaction is useful or not will depend on a variety of factors, 
cross section and ease of measurement of the products being the most significant. 
Interactions that are useful for detection can be split into two groups.
The first group of interactions are those with high cross sections for slow neutrons 
(below about 0.5 eV) that show a general 1/v (where v is neutron velocity) cross 
section dependence with increasing energy [Krane: 1988].
Interactions are also used where there is a response to fast neutrons for which there 
may be a minimum energy threshold, leading to a threshold response when used in 
a detector of around 100 keV for example [Tanner. 2002].
Examples of cross section with increasing energy for some elements are shown in 
Figure 3.1. This figure will be referred back to in the discussions on slow and fast 
neutron interactions. It can be seen that significant resonances (i.e. peaks in cross 
section at particular energies) are present.
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Figure 3.1. Cross section versus neutron energy for some reactions of interest in 
neutron detection [Knoll: 2000 (Fig 14-1)]
The following sections contain details of the interactions of interest followed by 
examples of applications
3.2 Useful Nuclear Interactions (Slow)
Most detectors used for slow neutrons give no indication of the energy of the neutron 
present; they only detect the presence of a neutron. This is because the interactions 
of use for detecting slow neutrons produce reaction products with a total energy (Q- 
value) that is very large compared to the (thermal) energy of the original incident 
neutron. The original neutron energy therefore has an insignificant effect on the 
energy of the products being detected in such cases.
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3.2.1 The10B (n, a) 7Li Reaction
This reaction is useful because of the large boron cross section at thermal energies 
(3840 barns at 0.025 eV) and the large Q-value of the highly ionising (and therefore 
short range) a and 7Li residual reaction products. The cross section does decrease 
rapidly with increasing neutron energy (proportional to 1/v) and displays no 
resonances at low energies.
The 7Li nucleus can be left in an excited state, and thus the reaction can be 
summarised as follows [Knoll: 2000]:
10_ 1 7| . 4 2.792MeV(groundstate)6%sB+ ;n -K L i+  2# +
5 0 3 2 2.31 OMeV (exited state) 94%
The excited state decays with a half-life of 10' 13 seconds by emission of a 0.48 MeV 
gamma. The energies associated with the branching ratios are for incident thermal 
neutrons.
The energy is released as kinetic energy to the two products, with 64% going to the 
alpha particle. The two fragments are emitted back to back in order to have zero net 
linear momentum; as the incident neutron in this case has close to zero momentum 
and the boron nucleus is assumed to be at rest.
3.2.2 The 6Li (n, a) 3H Reaction
This reaction proceeds as follows [Knoll: 2000]:
lL\+  01n ^ H +  + 4.78MeV
The energy released being split 2.73 MeV and 2.05 MeV respectively between the 
triton and the alpha. The cross section at thermal energies is 940 barns which is 
lower than for the 10B reaction, however the Q-value is higher which compensates to 
a degree in terms of the response of a detector to a particular neutron flux due to the 
greater energy deposited per interaction. The change of cross section with energy is
40
very similar to 10B at low energies, i.e. proportional to 1/v with no resonances until 
energies in the 102 keV range are reached (see figure 3.1).
3.2.3 The 3He (n, p) 3H Reaction
This reaction is as shown below [Knoll: 2000]:
^He+ on ~^3i H+ Jp + 0.764MeV
The energy released being split 0.573 MeV and 0.191 MeV respectively between the 
proton and the triton. The cross section at thermal energies is extremely high at 
5330 barns, however the Q-value is relatively low. The main reason it is less 
favoured in detector applications than the previous two options is the high cost and 
low availability of 3He.
As for 6Li, the change of cross section with energy is very similar to 10B at low 
energies i.e. proportional to 1/v with no resonances (see figure 3.1).
3.2.4 The 14N (n, p) 14C Reaction
This reaction is less widely used, but can be useful as a means of generating an 
energetic proton from a thermal neutron in an application where recoil protons are 
the means of detecting fast neutrons. The reaction is as follows [Seelman: 1981]:
i;N + > -> ^ C + ;p  + 0.65MeV
The cross section is low compared to the previous reactions discussed at 1.81 barns 
for thermal neutrons [Bennet: 1981].
3.2.5 Fission Reactions
Fissile materials such as 235U and 239Pu can be used to detect slow neutrons as they 
have reasonable cross sections at thermal energies (several hundred barns) and 
large Q-values of around 200 MeV for a fission reaction [Bennet: 1981]. This large 
Q-value allows for easy discrimination between signals from neutron-initiated
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fissions and from energy deposited by gammas or by alpha decay of the fissile 
material.
Obvious disadvantages of these detectors if used as personal dosimeters are that 
they will deliver a small dose to the wearer and require control as radioactive 
sources in their own right. They could also present a more significant hazard to the 
wearer if they were damaged and the radioactive contents dispersed.
3.2.6 Neutron Activation & Capture Gammas
There are a number of detectors that utilise neutron activation of various elements to 
produce short-lived radionuclei. The characteristic decay products are then detected 
to indicate the presence of a neutron.
Detectors have also been developed which use the characteristic gamma emitted 
when a thermal neutron is captured by a nucleus. These techniques have 
sometimes been used to introduce neutron sensitivity into detectors designed 
principally to detect gamma radiation although not always successfully [Luszik:
1998]. Depending on the application however, these types of reaction can be useful.
Some of the more commonly used reactions are reproduced in Table 3.1.
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Table 3.1 Materials Useful as Slow Neutron Activation Detectors [Knoll: 2000].
Element Isotope 
(Abundance in 
Percent)
Thermal 
Activation 
Microscopic 
Cross Section 
(in 10"28 m2)
Induced
Activity
Half -Life
Manganese ^Mn (1 0 0 ) 13.2 ±0.1 SBMn 2.58 h
Cobalt “ 'Co (100) 69.9 ± 1.5 
20.2 ± 1.9
bumCo
60Co
10.4 min 
5.28y
Copper b3Cu (69.1) 
65Cu (30.9)
4.41 ±0.2 
3.2 ± 0.4
MCu
66Cu
12.87 h 
5.14 min
Silver 1u'Ag (51.35) 
109Ag (48.65)
45 ±4 
3.2 ±0.4
1uaAg
110mAg
2.3 min 
253 d
Indium m ln(4.23)
115ln(95.77)
56 ±12 
2 .0  ± 0 .6  
160 ± 2  
42 ±1
ll4mlln
114ln
116m 1| n
116ln
49 d 
72 s
54.12 min 
14.1s
Dysprosium 1ti4Dy(28.18) 2 0 0 0 ± 2 0 0  
800± 100
1btimDy
165Dy
1.3 min 
140 min
Gold 1s"Au (100) 98.5 ± 0.4 1titiAu 2.695 d
3.3 Useful Nuclear Interactions (Fast)
As has been described above, any of the techniques described that are appropriate 
for slow neutrons can be used to detect fast neutrons if the neutrons are slowed 
down first using moderating material.
However, there are some reactions that can be produced directly using fast 
neutrons, in some cases where the energy of the products is significantly related to 
the energy of the incident neutron. This is obviously useful if information about 
neutron energy is required.
3.3.1 6Li and 3He
Both these were discussed with regard to reactions with slow neutrons. The same 
reactions also take place with fast neutrons, however with very much lower cross
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sections. For both materials, these range between about 7 and 0.2 barns over the 
region of 10 keV to 10 MeV with 6Li demonstrating a significant resonance peak at 
around 250 keV [Knoll: 2000], as can be seen from Figure 3.1.
3.3.2 Fast Neutron Scattering
The method most commonly used to detect fast neutrons is by scattering of neutrons 
in elastic collisions with light nuclei. Hydrogen is most commonly used for this 
purpose although deuterium and helium can also be considered [Knoll: 2000].
Taking hydrogen as an example and assuming momentum and kinetic energy are 
conserved, a collision between a fast neutron and a hydrogen nucleus results in 
transfer of energy up to the original kinetic energy of the neutron. This fast moving 
proton can then be detected. In most applications this is by a detector giving good 
energy discrimination, such as a semiconductor device.
By conservation of energy and momentum, it can be shown that, in the case of 
maximum energy transfer the velocity of the recoil hydrogen nuclei is equal to the 
velocity of the incident neutron.
Important groups of detectors that also make use of recoil protons are “track etch” 
detectors and “bubble” detectors. These make use of the physical effects on certain 
materials caused by the passage of the proton, rather than detecting the ionisation 
caused. Further details of this are given in Section 3.4.
The elastic scattering cross section for 1H is 20 barns at 2 keV decreasing to about 1 
barn at 10 MeV. This can be seen from Figure 2.2, which also shows the elastic 
scattering cross sections for 2H and 3He.
The energy distribution of the protons following scattering from hydrogen is assumed 
to have constant probability up to a maximum energy for incident neutron energies 
(En) less than 10 MeV with an energy range between 0 and En, the mean energy 
being En/2 [Knoll: 2000].
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A competing process for scattering in 1H is neutron capture to form deuterium, 
leading to the release of a 2.2 MeV capture gamma ray. This has the potential to 
cause problems when considering shielding for large neutron sources. One solution 
is to include an additive homogeneously mixed in any hydrogenous shielding 
material which has a very high capture cross section so that neutrons will be 
preferentially captured in this material [Knoll: 2000].
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Figure 3.2 Elastic Scattering Cross Sections for 1H, 2H and 3He [Knoll: 2000]
3.4 Detector Applications
Some of the more common applications of the above interactions are described in 
this section which is intended to provide an overview of applications that may be of 
consideration in the design of a neutron dose meter. It is not intended to be 
exhaustive in either scope or detail. The section is split to look at active detectors 
that provide real time detection and passive detectors, which require analysis after 
exposure to retrieve the measurement information.
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3.4.1 Active Detectors
3.4.1.1 Gas Filled Proportional Counters (General)
One of the most common forms of detector for thermal neutrons consists of a 10BF3 
or 3He filled gas proportional counter. Although the characteristics of these gases are 
different in some respects, they are used in very similar instrument designs. An 
attraction of these types of detector is that they have relatively good gamma 
rejection characteristics as the interaction rate of the gammas in the detector will be 
relatively low compared to a solid detector. In addition, many of the secondary 
electrons produced by gamma interactions will themselves escape from the 
detecting volume. These effects reduce significantly the background signal due to 
gamma interactions.
For most applications, moderating material surrounds the detectors so fast neutrons 
can be thermalised and then detected. Depending on the application, various 
geometries of detectors and moderators can be used including spherical 
arrangements or tubular detectors in slabs or cylinders.
A very commonly used workplace instrument consists of a polyethylene sphere, of 
diameter about 20 cm with a spherical detector at the centre. The resulting 
instrument is quite large and heavy but gives an acceptable sensitivity and response 
across many workplace spectra [Bartlett: 2002]. An example of this kind of 
instrument is the Harwell Instruments 0949. The sensitivity of this kind of detector 
can also be improved in principle by the use of multiple detectors within the 
polythene volume [Walker: 2011].
Issues with this approach are that no measurement is made of the original neutron 
energy and that the detector will over or under respond significantly at some 
energies. This means that some knowledge of the neutron spectrum is required 
before the results from the detector can be correctly interpreted. This type of 
instrument is also used as a spectrometer if moderating balls of different diameters 
are used, commonly known as “Bonner Spheres” [Thomas: 2002]. An alternative to 
using a set of different sized spheres is to use a set of nested cylinders, the
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advantage being a lighter and more compact and hence transportable system 
[Dubeau: 2011].
Using the same principles as above, but having a tubular detector in a moderating 
cylinder can give a nearly flat response over a large range of neutron energies for 
fluxes incident on the front face of the detector. These detectors are known as “Long 
Counters” and although impractical for use in the workplace due to their bulk and 
directional response, they are highly valued for calibration applications due to their 
response characteristics [Knoll: 2000].
A variation on the above is to line a conventional gas filled proportional counter with 
boron (or occasionally lithium) for the interactions to take place in the lining rather 
than the fill gas itself. An attraction of this is that it allows flexibility in choice of fill 
gas. A disadvantage is that only one of the reaction products will deposit its energy 
in the fill gas. The other, travelling in the opposite direction, will be absorbed in the 
lining. Having less energy deposited in the chamber and consequently a lower pulse 
height per interaction will make gamma discrimination more difficult [Knoll: 2000].
3.4.1.2 Recoil Proportional Counters
If the fill gas for a gas proportional counter is suitable (e.g. contains hydrogen, 
deuterium or helium), it can successfully be used to measure fast neutrons due to 
recoil events taking place within the detector. Interaction rates will be low for this 
type of detector, but it does have some advantages over other detectors when it 
comes to gamma discrimination. Any practical counter will be relatively large 
compared to other types which may be an issue in some applications [Knoll: 2000].
3.4.1.3 Doped Scintillators
Zinc Sulphide (ZnS), plastic or liquid scintillators doped with boron or lithium can be 
useful because there are no constraints on their physical size other than the 
requirement to be able to provide output to a light sensitive device [Leuschner: 
2005]. Hence they can be made much larger than proportional counters or, for 
example, they can be made very small for time of flight applications whilst retaining 
reasonable interaction rates.
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A disadvantage with scintillators for neutron applications is that discrimination 
against a gamma background is more difficult than with gas proportional counters. 
This is because a significant proportion of the original gamma ray energy may 
(depending on the scintillator dimensions) be deposited in a scintillator, whereas it is 
possible that only a proportion would be deposited in the detecting volume of a 
proportional counter due to its very low density. Interaction rates and therefore 
efficiencies will also be lower.
Another problem is that many scintillators give a much higher light output per unit 
energy for the secondary electrons produced by gamma interactions than for the 
products of the neutron interactions [Knoll: 2000].
Lithium Iodide [Lil] can be used as a scintillator, with about 35% of the light output of 
an equivalent sodium iodide [Nal] crystal [Knoll: 2000]. Gamma rejection properties 
are still poor compared to gas proportional counters for the reasons described 
above, i.e. most of the gamma energy being absorbed in the crystal. However, 
advantage's of Lil over other scintillators are the high Q value of the 6Li (n, a) 3H 
reaction and the fact that the light output per unit energy is similar for electrons and 
heavy charged particles, the 6Li (n, a) 3H reaction yielding the same output as a 4.1 
MeV electron.
Although mostly used to detect slow neutrons, scintillators with boron and lithium can 
be used to detect fast neutrons although they are of limited use in neutron 
spectrometry other than in time of flight applications. The large Q value of the 
reactions is a disadvantage when trying to measure the energies of the reaction 
products directly unless the energy of the incident neutron is comparatively large i.e. 
several MeV [Knoll: 2000].
3.4.1.4 Proton Recoil Scintillators
Proprietary plastic and liquid scintillators (e.g. Bicron N.E. NE102A) contain large 
quantities of hydrogen. Therefore they can be used to detect proton recoil events 
from fast neutrons without the requirement for doping. To optimise this kind of
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detector for neutron response, a number of conflicting factors have to be considered. 
With scintillation detectors, false reading due to the pile up of signals from gamma 
interactions can be a considerable problem however. The severity of this problem 
increases with gamma background, size of detector and as the threshold at which it 
is wished to detect the neutrons is lowered. Disregarding requirements for response, 
it is therefore preferable to make the detector smaller. The disadvantage of lower 
neutron interaction rates and longer count times will also have to be considered in 
the context of the specific application.
3.4.1.5 Semiconductor Devices
Semiconductor diode detectors can be used to detect either slow or fast neutrons if 
suitable converters/radiators are used on the front face of the detector. 6Li, 10B or a 
material that relies on activation, such as 107Ag can be used to detect thermal 
neutrons. Fast neutrons can be detected by placing a hydrogenous radiator in front 
of the detector and measuring the recoil protons. This approach is used in a small 
number of commercially available detectors and in some experimental types with 
variable success [Bolognese: 2004]. Typically a number of detectors are used to 
detect neutrons of different energies, and in some detectors to provide a gamma 
response as well.
Good gamma discrimination is possible with semiconductor detectors (except where 
reliant on activation) as the heavy charged particles produced by the Li and B 
reactions and recoil protons will generate a much larger pulse in small volume 
detectors than gamma ray interactions. Energy resolution in semiconductor 
detectors is relatively good compared to other types [Milbrath: 2008].
Although many viable neutron dosimeters currently available use silicon detectors 
[Bolognese: 2004], a number of different semiconductor materials have been 
investigated, including diamond [Angelone: 2006], germanium and GaAs [Perrung: 
2000] and CdZnTe [Pearson: 2001], [Vincent: 2002], [Cochrane: 2006].
Diamond has been successfully used with a 3 pm 6LiF layer in high neutron flux 
applications [Lattanzi: 2008].
49
In the case of CZT, the high thermal capture cross section of 113Cd in the (n, y) 
reaction can be used to detect the presence of thermal neutrons. This produces a 
variety of gamma emissions, the most abundant of which (emitted in 74% of all 
reactions) is at 558 keV, which can in principle be detected and resolved by a. 
sufficiently thick crystal [Martin-Martin: 2009]. The main difficulty with this approach 
is to differentiate the 558 keV gamma from the (natural) gamma background.
3.4.2 Passive Detectors
3.4.2.1 Thermoluminescent Dosimeters (TLDs)
TLDs can be used to detect neutrons in the same way as many of the above 
detectors if used with converter or radiator. LiF based materials are popular for 
gamma dose meter applications and can be used to detect neutrons with a natural or 
enhanced proportion of 6l_i.
The TLD will only respond to slow neutrons, however when worn there will be a 
response to a fast neutron flux due to thermal neutrons being generated near the 
surface of the wearers body due to reflection and moderation in body tissue (known 
as albedo neutrons) [Piesch: 1982].
Disadvantages of TLDs are gamma sensitivity (which can be overcome by using an 
equivalent pure 6LiF detector and subtracting the signal) and a response with 
significant neutron energy dependence [Gilvin: 2001].
3.4.2.2 Track Etch Detectors
Track etch detectors are commonly used as occupational neutron dose meters 
[Gilvin: 2001]. They can be used to detect neutrons because certain hydrogenous 
dielectric materials suffer permanent damage at the molecular level when a recoil 
proton passes through them. Etching the material can reveal this “track” of damage 
as the damaged area is attacked faster than the rest of the material, resulting in a pit 
that can be seen when magnified.
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Counting the number of pits in the material can then give an indication of the neutron 
flux and hence the dose, but no information is obtained about the energy of the 
incident neutrons.
PADC (polyallyldiglycol carbonate) is the most commonly used material, which 
responds to recoil protons generated internally from fast neutrons and can be used 
in conjunction with a plastic containing nitrogen to act as a converter for thermal 
neutrons by using the 14N (n, p) reaction [Seelman: 1981].
3.4.2.3 Bubble Detectors
Bubble detectors consist of superheated droplets of liquid held within a transparent 
gel matrix. When a highly charged particle passes through a droplet, it can deposit 
enough energy in the droplet to cause it to vaporise forming a bubble that is visible 
to the naked eye. Neutron dose can then be calculated from the number of bubbles, 
knowing the integrated dose accrued per bubble for that detector. The detector can 
be “zeroed” by compressing the gel sufficiently, which eliminates the bubbles and 
renders the detector insensitive. When pressure is relieved, the detector becomes 
active again [Machrafi: 2009].
This kind of detector will typically be sensitive only to fast neutrons that can produce 
recoil nuclei of sufficient energy although they can be made sensitive to thermal 
neutrons by doping with a substance that gives a suitable nuclear interaction. 
Usefully, they are insensitive to gamma radiation [Ronraju: 2011], as the energy 
transfer rate within the bubble is not high enough to cause vaporisation. Another 
positive attribute is good sensitivity. This is an active field of research and this 
technology is being developed [D’Errico: 2001].
Currently, the main drawbacks are practical; for example, the detectors are very 
sensitive to changes in temperature and if left in the active state for too long 
(sometimes just a few days) the bubbles will remain after compression. This latter 
issue would tend to make bubble dose meters impractical for most routine dosimetry 
applications, although they might be a good solution where workers were exposed to 
infrequent, but high intensity or pulsed neutron fluxes [Delgado: 2005].
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Bubble detectors have been adapted for applications in space, allowing for longer 
periods between compressions, although this is still of the order of a few days 
[Machrafi: 2009].
3.5 Novel Technologies or Applications
A number of novel designs and applications were examined to assess whether there 
were technologies that had been explored but not yet applied to neutron dosimetry.
Silicon surface barrier detectors in various configurations as referred to in section
3.4.1.5 are the most commonly used in active neutron dosimetry. For neutron 
dosimetry purposes, it is extremely useful if the instrument has some energy 
discrimination ability as energy deposition is clearly dependent on incident neutron 
energy. In addition, the radiation weighting factor, which is the measure of relative 
biological harm for equal energy deposition, is strongly energy dependent for 
neutrons [ICRP 92: 2003].
Another characteristic of a neutron dose meter is that it has to be compact. This 
requirement rules out devices that employ large amounts of moderating materials.
Options that could be further explored are described in the following sections.
3.5.1 Scintillating Fibre Stacks
It has been shown that a stack of scintillating fibres arranged in alternating 
perpendicular layers can give good spatial and energy resolution for recoil protons of 
high energy generated in the fibres themselves from incoming neutrons. [Imaida: 
1999]. The instrument described in the above reference was not effective at energies 
below 14 MeV due to the poor range of lower energy protons in the fibres, the 
instrument relying on the track information generated by the passage of the proton 
through several fibres to deduce information.
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Other researchers have also developed a number of similar devices [Singkarat:
1997] [Ress: 1995]. This could be of interest, especially if sensitivity to lower 
energies at the expense of energy resolution could be obtained.
3.5.2 Development in Proton Recoil Scintillators
As mentioned in section 3.4.1.4, a major problem with using proton recoil events in 
scintillators is the gamma background. A technique has been developed [Reeder:
1999] that relies on the time interval between successive proton recoil events being 
much greater than gamma ray interactions. If this technique proves practicable in a 
small portable device, a scintillator based dose meter with good sensitivity and good 
energy response (to fast neutrons) would be a possibility.
It is possible to infer energy information from the proton recoils in plastic or liquid 
scintillators from neutrons with energies exceeding around 800 keV, and the use of a 
scintillator can be combined with a gas proportional counter in one instrument to 
achieve a response across a broad spectrum [Ing: 2007]. This approach will not give 
a unit that is compact enough to be used as a dose meter however.
Similarly, a liquid scintillator can be used in conjunction with a Li-glass scintillator 
[Hayashi: 2007] or with lithium-gadolinium-borate crystals [Lewis: 2007] to produce 
a spectrometer that is gated on the pulse produced by the alpha and triton when the 
thermalised neutron is captured by 6Li nuclei.
3.5.3 Proportional Counters
Proportional counters are still the subject of research and development for a number 
of applications including dosimetry. A number of researchers have reviewed the 
design and properties of miniaturised gas-phase counters. This may be of some 
relevance for dosimetry applications if it is practicable to reduce the size of the 
counter such that it can be worn by an operator [Sauli: 1999] [Ing: 1997] [Maughan: 
1996] [Weyrauch: 1998].
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3.5.4 Semiconductor Detectors
Although silicon semiconductor detectors are widely used, novel uses of converters, 
radiators and geometries are still a possibility. The use of other semiconductors is 
also possible. Diamond detectors have been widely researched [Husson: 1997] 
[Giacomelli: 2011] and benefit from good resistance to radiation damage compared 
to other semiconductors, making them suitable for measurements in high radiation 
flux environments. The small sizes available mean that they are less well suited to 
low flux applications such as personal dosimetry. The use of GaAs [McGregor (1): 
1996] and CZT [McGregor (2): 1996] detectors have also been examined.
A promising semi conductor material from the point of view of neutron detection is 
boron carbide, as there is the possibility of detecting the products of the 10B (n, a) 7Li 
reaction within the diode rather than in an adjacent thin layer. An all boron carbide 
detector has been produced that will detect neutrons [Caruso: 2006].
A particularly interesting use of silicon detectors was examined in some detail 
because of its application to this project [Marsh: 1995]. In this application, a compact 
spectrometer was developed with apparently good energy resolution over the 100 
keV to 15 MeV range by using a sandwich design of two silicon detectors separated 
by a 3He sensitive volume. A brief description of this instrument and its principle of 
operation follows.
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Figure 3.3 Representation of the Marsh Spectrometer Design [Marsh: 1995]
It can be seen from Figure 3.3 that the Marsh Spectrometer incorporates two silicon 
surface barrier semiconductor detectors. The depleted, sensitive, regions of both of 
these detectors facing inward towards the anode of the third detector in the 
spectrometer, which is a proportional counter operating in the space between the 
two silicon detectors. These detectors are placed in a leak tight box with evacuation 
and filling via the fill line shown. The fill gas used was principally 3He with a 2% 
partial pressure of CO2 added as a quench gas.
The detector collects energy information about incident neutrons in the following 
manner. Incident neutrons undergo the reaction shown in section 3.2.3 resulting in a 
proton and triton with energies equal to the Q value of the reaction plus the original 
incident energy of the neutron.
For the spectrometer to register a reading, there must be a coincident proton and 
triton detected in the two silicon detectors. This is summed with the coincident
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energy deposition from the proportional counter. The original incident neutron energy 
can then be calculated from the total energy deposition minus the Q value of the 
reaction.
This detector was successfully applied to the accurate determination of Am-Be and 
Am-B spectra however, it has not been further developed and was not referenced in 
a subsequent review of neutron spectrometry [Brooks: 2002].
This design appears to show promise from a conceptual point of view although in 
operation it did require connection to a vacuum system. A possible alternative would 
be to use a solid 6Li layer rather than 3He to avoid problems with gas and vacuum 
systems in a portable device or by the use of UF2 between two CZT detectors. As 
was discussed in the introduction, it was decided to investigate this further in the 
course of this project.
3.5.5 Scintillation Detectors
As mentioned earlier, use of scintillating optical fibres has been widely investigated. 
Areas that may be of greater relevance to dosimetry applications is the use of more 
conventional scintillators in applications that allow detection of fast and thermal 
components and gamma rejection. For example, one could consider the use of 
compact detector using 6Li and 7Li-glass scintillators to enable gamma rejection 
[Aryaeinejad: 1996].
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4. Detector Design and Evaluation Using the 
Geant4 Simulation
4.1 Introduction to Geant4 and the Monte Carlo Method
GEANT 4 is a Monte Carlo software application designed to simulate the passage of 
particles through matter. The Monte Carlo method involves using random sampling 
to solve mathematical problems that may be difficult to solve algebraically. For 
example throwing a die a large number of times will give information on the 
likelihood of the various possible outcomes and could be used to judge whether the 
die was “fair” or not. The greater the number of throws, the greater confidence in the 
prediction [Dupree: 2002].
Geant4 was developed principally to simulate particle detectors used in particle and 
nuclear physics experiments [Agostinelli: 2003]. It can be used in any application 
where it is necessary to model the interactions of particles with matter. Use of 
applications such as Geant4 is increasing in fields such as nuclear medicine and 
radiation protection as the benefits of using such models becomes more widely 
known and the relative cost of high capacity computer systems decreases. If it is 
intended to develop a novel instrument for neutron measurement, simulation is 
essential so that the behaviour of designs can be modelled and experimented with, 
prior to building actual detectors. Other applications, notably MCNPX [MCNPX:
2002] was also considered, Geant4 always being the preferred choice because of its 
perceived versatility and its comprehensive physics models. Personal preference 
was also a consideration.
On more detailed investigation, it became clear that MCNPX would definitely not be 
suitable because it is more limited in terms of the scope and energy of particles that 
it will model. Geant4 allows the modelling of transport to rest of any ion/nuclei. This 
is essential for a detector relying on detection of the products of the reactions 
described in sections 3.2 and 3.3. MCNPX only has the capability to model 
deuterons, tritons, 3He and 4He (a) Ions with low kinetic energy cut-offs of 2, 3, 3 and
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4 MeV respectively [MCNPX: 2002]. If an interaction occurs in MCNPX where 
products are produced that cannot be modelled, or energy drops below the low 
kinetic energy cut-off, all energy is assumed to be deposited at that point in space. In 
the experimental application being examined, a key requirement is the ability to 
transport alpha particles and tritons produced in reactions down to much lower 
energies. MCNPX would not therefore be suitable for modelling the current work.
The inability of MCNPX to adequately transport tritons has been identified by other 
researchers in this field [Monk: 2007].
4.2 Geant4 Application Overview
Geant4 is designed to simulate the passage of a wide range of particles through 
materials using a Monte Carlo process. The user is required to construct the world of 
interest by defining materials and geometries, defining the particle source properties 
and choosing which physics processes are applicable.
The program then transports a single source particle through the user defined world 
by simulating the particle interactions in materials based on the Monte Carlo method. 
Initiation of the particle in the particle gun and all the interactions of that particle in 
the world, until that particle and any secondary particles are brought to rest or leave 
the world, is known as one event. Events are then repeated for the set number as 
defined by the user, the number of events being set high enough to generate the 
required number of a given interaction.
For outputs to be obtained the user must also define tallies for parts of the world, for 
example the energy deposition of specific types of particle in the sensitive volumes 
of detectors. These tallies may score a range of values from the run such as total 
energy deposition, total energy of incident particles and flux.
A visualisation tool is also included in the application to generate an image of the 
world and generate a small number of particle tracks. This is a useful aid in 
determining whether the experiment has been modelled correctly.
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4.2.1 The Particle Transportation Process
For each event, Geant4 transports particles through the world by means of steps. 
These represent the distance travelled between discrete interactions. The step 
length and physics process that will occur at the end of the step are determined in 
the following manner.
If P(x) is the probability of an individual particle (e.g. a neutron) not having an 
interaction of a particular type after passing a distance x through a material then,
P(x) = exp(-jLix)
where \x is the macroscopic cross section for this type of interaction i.e. p = Na 
where a is the interaction cross section and N is the number of target particles per 
unit volume.
Similarly, the probability of an interaction (Pint(x)) is 1 - exp(-px) i.e. 
font (x)dx = 1 -  exp(-px)
If the probability of interaction is represented by rj, a random number uniformly 
distributed between 0  and 1 , a corresponding value for x can be obtained by 
substituting into the above equation:
q = 1 - exp(-px), thereforex = -ln( 1 - r | ) / p
The distance between interactions can also be given in terms of the Numbers of 
Mean Free Paths (NMFP) x/X, where the Mean Free Path \ =  1/ j l i  therefore,
x /X  = -ln(1-n) (eqn 4.1)
In Geant4, step length and process (where there are competing processes) are 
determined by use of the Mean Free Path (MFP) as follows.
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Before each step, a random number of MFPs for each relevant physics process is 
calculated using eqn (4.1). Using interaction cross section information for the particle 
in the medium of known density, NMFP is converted into physical length and the 
process with the shortest physical length determines that step length and process.
It should be noted that maximum step length can also be specified by the user and 
that a step length will automatically be limited by the presence of a physical 
boundary.
4.2.2 Physics Processes
Once the process has been chosen, type, quantity and direction of resulting particles 
and related energies still have to be determined. The approach taken will depend on 
the process. For fission, for example, many of the equations and figures used in 
Chapter 2 will be used to determine fragment sizes and Q values etc.
Geant4 uses a number of Physics Processes to determine how particles interact with 
the materials defined by the user. There are seven major categories in Geant4 which 
are as follows:
1 . electromagnetic
2 . hadronic
3. decay
4. photolepton-hadron
5. optical
6 . parameterisation
7. transportation
The categories of interest when modelling neutron interactions in this application 
were hadronic, which includes the neutron interactions described in Chapters 2 and 
3 and electromagnetic, in which energy loss mechanisms for charged particles (e.g. 
alpha particles and tritons) are defined.
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To simplify the production of specific user models, a number of physics lists have 
been produced and incorporated into the Geant4 application. These incorporate a 
suite of the basic physics processes that are applicable to a range of applications.
A number have been produced that are designed for use in hadronic interactions, 
including LHEP_PRECO_HP(Low and High Energy Parameterisation -  
Precompound -  High Precision) which is the physics list used for the modelling in 
this project.
At the time the current thesis project started, LHEP_PRECO_HP was a 
recommended list for hadronic interactions. This list has been subsequently updated, 
and other alternative lists supplied, however the updates have focussed on very high 
energy interactions using theoretical models such as the QGS (Quark Gluon String) 
model. This work being in anticipation of experiments on the Large Hadron Collider 
with energies in the hundreds of GeV range [Wright: 2010].
The High Precision model (HP), which is the element of the list applicable for 
neutron transport at less than 20 MeV, uses reaction cross sections based on 
experimental data libraries. It has been retained in current lists where relevant as it 
has been demonstrated to be extremely accurate at low energies [GEANT: 2007]. A 
comparison carried out found little variation between LHEP_PRECO_HP and more 
recent iterations for lower neutron energies [Squazzoni: 2009].
As stated in the introduction to Chapter 2, high energy neutron interactions are 
outside the scope of this project, hence a detailed description of Geant4 models 
such as LHEP and QGS will not be attempted.
Although a significant amount of validation work has been carried out in Geant4, a 
characteristic of the application is that it cannot be used as a “black box” and it 
requires a very high degree of user input to produce a model. There is also therefore 
significant scope for error. In order to gain further reassurance therefore that the 
Geant4 model was responding correctly, a number of validation trials were carried 
out and are detailed in section 4.5.
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4.3 Detector Concept Design
As discussed in section 3.5.4, the design concept behind a compact neutron 
spectrometer [Marsh: 1995] was considered to be a useful basis for designing a 
novel instrument. When applied to the objectives of this project, which is to produce 
a novel neutron dose meter, a number of aspects of the design present a problem 
from a practical point of view. Most significantly, the use of a Helium fill gas which 
necessitates the use of a vacuum system which is impractical for a dose meter 
which must be light and easy to wear. Production of a sealed chamber with an 
appropriate fill gas such as 3He or BF3 would be possible, but would add cost, bulk 
and complexity. Initially therefore, it was decided to design a sandwich detector, but 
without collecting energy data from the central region in which the neutron reaction 
took place.
4.3.1 Use of CZT in Preference to Silicon
Again, considering the project objectives, it was decided to use CZT detectors in 
preference to a passivated ion implanted planar silicon (PIPS) detector as the same 
detector can be used for high resolution gamma detection and high resolution 
detection of charged particles such as alphas [Pearson: 2001]. This is highly 
desirable for a dose meter which would invariably be used in mixed neutron and 
gamma fields. If it were for neutron detection only, a PIPS detector would be 
preferable due to the lack of gamma sensitivity and improved energy resolution.
4.3.2 Selection of 6LiF for Central Layer
6LiF was chosen as the central layer in which the neutron reaction would take place. 
This was a substance that had been used previously [Cochrane: 2006] and was 
readily available. In comparison to boron compounds, the other obvious choice, it 
also offered some significant advantages. Firstly the very short range of the 7Li ion 
produced in the 10B (n, a) 7Li reaction would make it difficult to detect. By contrast, 
the triton produced in the 6Li (n, a) 3H reaction has a relatively long range (see 
Chapter 6  for more detail). An additional advantage over a borated compound is the 
single Q value. Different Q values would be problematical to deal with when trying to 
derive neutron energy from the energy of secondary particles.
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As previously mentioned, He and any other gaseous compounds were discounted 
because of the practical problems of using a gas in the detector.
4.3.3 Initial Concept Design
Based on the considerations discussed above, the initial concept design is shown in 
Figure 4.1. This design will obviously need to be refined in light of Monte Carlo 
modelling, described later in this thesis and experimental data.
LiF Sandwich Layer
Output to Spectrometer via 
Coincidence Circuit
CZT Detector "A"
Output to Spectrometer via 
Coincidence Circuit
CZT Detector "B"
Platinum Contacts
Figure 4.1 Neutron Dose Meter Concept Design
4.4 Practical Considerations in Initial Development 
Modelling
The initial objectives in carrying out the GEANT modelling were to establish a 
thickness for the LiF sandwich between the two detectors that would give the best 
response. One method of doing this would be to construct a virtual model of the 
experiment and generate alpha particles and tritons in the LiF layer using a neutron 
source. The thickness of the layer could then be altered to establish the best 
response. A disadvantage of this approach is that the particles of interest, the alpha
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particles and tritons, are generated via a very low probability reaction of a neutron in 
the LiF layer only a few microns thick. This will mean large numbers of events and 
therefore long programme run times in order to generate meaningful results.
Although this approach is ultimately necessary to characterise the performance of 
the detector, a simpler approach was used to estimate optimum LiF layer thickness. 
This was based on looking at the range of tritons and particularly alphas in LiF, with 
the alpha or triton as the original particle rather than a neutron.
The interaction rate of neutrons in the LiF layer will be proportional to its thickness as 
[Tipler:1999]:
Reaction Rate = I x a x N
where I is the incident intensity, a the interaction cross section for 6Li and N the total 
number of target nuclei, which is the product of density, area and thickness of the 
layer. Therefore, ignoring the limiting factor of the range of the tritons and alpha 
particles, it is desirable to make the LiF layer as thick as possible.
In practice, any interaction occurring in the LiF layer that is more than the range of 
the 2.05 MeV alpha from one of the CZT detectors will not result in a coincidence 
being detected unless caused by a relatively high energy incident neutron. In fact, 
the alpha has to travel through the thickness of LiF, through the 75 nm platinum 
contact [Cochrane: 2006] and still have enough energy to be observed above the 
low energy threshold of approximately 200 keV.
The above was then modelled using GEANT to determine the optimum LiF 
thickness.
4.4.1 Details of the Model Constructed
A section of a representative model for this experiment is shown in Figure 4.2, which 
was generated by the GEANT visualisation package. It should be noted that the LiF 
and platinum thickness’ (i.e. dimensions in the z direction) in this model are
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accurate. However in order to generate a clear image, all x and y dimensions have 
been very much reduced as have dimensions for the CZT detector in the z direction. 
For convenience all elements modelled were circular rather than square section.
For the alpha particles and tritons being modelled at this stage which are of much 
shorter range than the detector dimensions, these approximations will not affect the 
output. When modelling the response of the detector to neutrons, all aspects of the 
detector model, including all dimensions and shapes are as accurate as possible. 
The particle tracks shown in this case are tritons.
A starting energy of 2.05 MeV was assumed for the alpha particles. In practice, this 
is likely to be the energy most often observed due to both the high thermal 
component found in workplace neutron sources (see Figure 1.1) and the high cross 
section for the 6Li (n, a) reaction at thermal energies (Figure 3.1). At energies above 
a few MeV for light, charged particles such as protons, alpha particles and tritons, 
energy loss is modelled using a version of the Bethe-Bloch formula. For lower 
energies (less than 8  MeV for alpha particles), energy loss is calculated using a 
stopping powers function based on experimental observation [GEANT: 2006].
In Figure 4.2, the 7 pm LiF layer is in red and the 75 nm platinum contacts just 
visible as the yellow layer between the LiF and the light blue CZT detector. The dark 
blue triton tracks are also clearly visible.
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Figure 4.2 Initial Geant4 Model of Central Detector Region
4.4.2 Alpha Energy Loss Results
The simulation was run a number of times with different thicknesses of LiF. It should 
be noted that the thickness quoted is the distance from the source to the platinum 
contact, not the whole LiF thickness (which is twice this distance). Each simulation 
was run for 200,000 events.
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Fig 4.3 Alpha Energy Distribution in CZT with Zero LiF Thickness
Figure 4.3 shows the alpha spectrum seen by a CZT detector from an isotropic alpha 
source of energy 2.05 MeV with no LiF layer and just the 75nm platinum contact.
The peak energy is at 1.98 MeV, with a maximum alpha energy of 2.01 MeV. The 
long tail decreasing to zero energy is characteristic of an isotropic alpha source and 
is a consequence of alpha particles passing through progressively greater 
thicknesses of platinum as they are emitted at larger angles from perpendicular.
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Fig 4.4 Alpha Energy Distribution in CZT with 2 pm LiF Thickness
Figure 4.4 shows the alpha particle measured energy spectrum seen by a CZT 
detector from an isotropic alpha source of energy 2.05 MeV with a 2pm LiF layer and 
the 75nm platinum contact. The peak energy is at 1.19 MeV, with a maximum alpha 
energy of 1.26 MeV.
Figure 4.5 on the following page shows the spectrum with a 4 pm LiF layer and the 
75 nm platinum contact. It can be seen that the maximum energy, at 180 keV, is 
below the 200 keV threshold, therefore a thinner layer of LiF is required.
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Fig 4.5 Alpha Energy Distribution in CZT with 4 pm LiF Thickness
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Fig 4.6 Alpha Energy Distribution in CZT with 3.5 pm LiF Thickness
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Figure 4.6 shows the spectrum for a LiF layer of 3.5 pm plus the 75 nm platinum 
layer. The maximum alpha energy in this case is 480 keV, significantly above the 
200 keV threshold. It was concluded therefore to make the layer such that the 
maximum perpendicular distance through the LiF layer by an alpha particle would be 
3.5 pm, i.e. the total thickness of the sandwich layer would be 7 pm.
4.4.3 Triton Energy Loss Results
It is possible that a future use of the detector will be to assess original incident 
neutron energy based on the energy of the triton when it reaches either CZT 
detector in coincidence with an alpha particle. To this end, it was also decided to 
assess the energy loss to the 2.73 MeV triton when passing through 3.5 pm of LiF 
and the platinum contact.
It would be expected that the penetration of the tritons through the detector is much 
greater than the alpha particles due to its lower charge and higher energy. This 
greater range and lower rate of energy loss is reflected in the triton energy spectrum 
seen by the detectors, with a peak at 2.48 MeV and a maximum of 2.54 MeV.
This spectrum shows some degradation of the maximum triton energy and the 
characteristic tail similar for Figure 4.3. The peak is well defined however with a 
significantly greater intensity than the tail, suggesting that it may be observable 
experimentally. If so it has the potential to yield some energy information for an 
incident neutron in the 6Li (n, a) reaction, which could be of interest. This is explored 
further in Section 4.4.5.
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Figure 4.7 Triton Energy Distribution in CZT with 3.5 gm LiF Thickness
4.4.4 Conclusion and Comparison with SRIM Calculations 
The rate of energy loss seen for the alpha particles in section 4.7 based on the 
Geant4 model was greater than expected from the initial SRIM [Ziegler: 1996] 
calculations that are given later in Section 5.1 which gave a range of around 6 pm for 
a 2.05 MeV alpha in LiF. This difference was not related to density or isotopic 
composition as the values from SRIM for LiF were used in the Geant4 simulation.
Based on the SRIM results, a LiF sandwich thickness of 10 -11 pm should have 
been achievable, however based on the Geant4 simulation, 7 pm was found to be 
the maximum desirable thickness.
The comparative performance of Geant4, SRIM and a number of other stopping 
power programs and tables has been studied by H. Paul and A. Schinner [Paul: 
2003]. They found that there were differences between the performance of different 
codes when the stopping of carbon ions in carbon was examined. In this particular 
application, SRIM was found to be among the more reliable codes whilst Geant4
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was found to perform less well. A later paper [Paul: 2005] examined the reliability of 
SRIM and other codes (not including Geant4) when looking at attenuation of protons 
and alpha particles specifically. It was found that the accuracy of SRIM was typically 
around 7-8% for alpha attenuation in solids, although this error increased at lower 
energies.
In view of this, the selection of a thickness of 7 pm for the LiF layer is conservative. 
However, as it is intended that the LiF is added in thinner layers initially to one of the 
detectors, it should be possible to increase the thickness if that proves to be 
desirable. It is necessary to continue with the Geant4 model of the detector as it is 
the only application able to model all aspects of the detector operation, i.e. the 
neutron interactions as well as those of the alpha particles and tritons.
4.4.5 Use of Triton Energy to Infer Energy of the Incident Neutron 
Figure 4.7 of triton energy loss for the 3.5 pm LiF thickness shows that energy loss is 
small. This relatively low rate of energy loss of the triton could be useful in future 
intended application, where coincidence will be looked for, but energy calculated on 
the basis of triton energy.
The relationship between incident neutron energy and triton energy is shown below. 
From section 3.2.2, for the reaction:
3U + 01n -> iH + 2OC + Q
where Q is the Q value of the reaction, which is 4.78 MeV in this case. If the 
energies of the incident neutron, the product triton and the product alpha are En, Et 
and Ea respectively:
ET = En + Q-  Ea (eqn 4.1)
It can be shown by conservation of momentum and energy that:
72
En = 1 .75E t- Q (eqn 4.2)
This relationship between incident neutron and triton energy can therefore be used 
to deduce information about neutron energy from the triton spectrum.
4.5 Comparison of GEANT 4 Test Simulations with 
Experimental Data
As much of the understanding of the behaviour of the detector is derived from 
studying Geant4 models, it is important to demonstrate that the model is able to 
generate a reasonable approximation to known experimental results.
Two aspects of the model are of particular significance to detector performance. The 
first is the ability of the model to simulate energy loss by tritons and alpha particles 
through LiF and the second is the modelling of capture of neutrons by 6Li. Modelling 
and experimental results from these two scenarios are examined in this section.
4.5.1 Alpha Transmission through a Thin LiF Layer 
In order to compare transmission of alpha particles through a representative LiF 
layer, the CZT detector coated with a 2.7 pm layer as per Chapter 5 was used and 
was exposed to a triple Alpha (239Pu, 241 Am, 244Cm) source. The spectrum from a 
bare detector in a vacuum is shown in Figure 4.8.
The three peaks can be clearly seen corresponding to the main alpha energies of 
239Pu, 241 Am and 244Cm of 5.156, 5.486 and 5.805 MeV respectively [Baum: 2009]. 
The resolution of the alpha peaks for the uncoated detector is a function of a number 
of factors including degradation of alpha energy due to self attenuation in the source 
and in the platinum layer on the detector, gain drift within the detector apparatus and 
the inherent statistical noise of the detector due to the variations in the number of 
charge carriers generated (the Fano factor) and then subsequently collected as a 
result of each event. The component due to electronic noise can be measured using 
a precision puiser but in the case of alpha detection, the components due to charge
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generation and collection will be difficult to separate from alpha degradation due to 
self attenuation [Del Sordo: 2009].
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Figure 4.8 3 Alpha (239Pu, 241Am, 244Cm) Source in vacuum measured by
un coated CZT Detector
The resolution R is defined as follows for the distribution, which is assumed to be 
normal (i.e. Gaussian):
FWHMR =
hi
(eqn 4.3)
where FWHM is the Full Width Half Maximum of the distribution, i.e. its width at half 
the peak value and Ho is the location of the peak. The units of both these values are 
always the same, in this case eV, hence R is dimensionless, conventionally 
expressed as a percentage [Knoll: 2000]. From this graph, R can be calculated to be 
about 2.5% for the Pu and Am peaks. This compares with a value of 1.9% previously 
obtained for equivalent CZT detectors [Pearson: 2001].
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If this scenario is modelled in Geant4, the calculated response of the detector to the 
triple alpha source is shown in Figure 4.9:
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Figure 4.9 Geant4 Simulation of triple alpha (239Pu, 241Am, 244Cm) source in 
vacuum measured by uncoated CZT detector
It can be seen that the value for R in this case is lower, although it remains finite due 
to alpha attenuation in the platinum layer on the front of the detector. Attenuation of 
the alpha particles in the source itself was probably a factor affecting R, however this 
cannot be modelled due to lack of information about the source construction. The 
model could be amended however to account for the statistical variation due to the 
sources previously described. The approach used to do this is described as follows.
The Geant4 simulation has a function that will generate a random number (r) 
between 0 and 1. In order to generate a normal distribution function that could be 
applied to individual results as they were generated, the central limit theorem was 
assumed. This states that the distribution of a large number of independent random 
variables of finite mean and standard deviation will be normally distributed [Boas:
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1983]. Therefore, by definition and for large n, the following sum will be normally 
distributed between 0 and n with a mean of n/2\
n
Z ri + , 2 + - rn
1
In the following graph, a value for n of 12 was assumed. When applied to the output 
of the previous figure and assuming the value of R of 2.5% as previously calculated, 
the following was obtained:
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Figure 4.10 Geant4 simulation of 3 alpha (239Pu, 241Am, 244Cm) source in vacuum 
measured by uncoated CZT detector with normal distribution applied
This was considered to be a reasonable approximation to Figure 4.8, to act as a 
basis for the simulation of the passage of the alpha particles through the LiF layer.
A measurement of the alpha spectrum through the LiF layer was then carried out 
under vacuum and is shown in Figure 4.11.
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Figure 4.11 Triple alpha (239P u ,241 Am, 244Cm) spectrum in vacuum measured by
CZT detector coated with 2.7 pm LiF Layer
It can be seen that these peaks are significantly degraded compared to Figure 4.8 
due to energy loss in the LiF layer. The peaks also occur at lower energy with the Pu 
peak now at 4.87 MeV compared to 5.16 MeV for the uncoated detector.
A simulation was then carried out of transmission of alphas from the triple alpha 
source through a 2.7 pm LiF layer. This was carried out using the normalised 
distribution assumption used to generate figure 4.10.
This is shown in the following figure and demonstrates good correlation with the 
experimentally determined spectrum. It should be noted however that the peaks in 
the simulated spectrum occur at a lower energy than in the measured spectrum, the 
239Pu decay peak occurring at 4.53 MeV.
The explanation for this difference may be a result of inaccuracies within the Geant4 
simulation. However, it must also be considered that the Geant4 model assumed a 
perfectly even 2.7 pm LiF layer across the surface of the detector whereas in
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practice this was unlikely to be the case. Any scratches or defects in the LiF layer 
having the effect of reducing the attenuation in the measured spectrum, up to the 
energy distributions shown in Figure 4.8 for alpha particles affected.
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Figure 4.12 Geant4 simulation of triple alpha (239Pu, 241Am, 244Cm) spectrum in
vacuum measured by CZT detector coated with 2.7 pm LiF Layer
4.5.2 Capture Cross Section of 6Li (n, a) 3H
The capture cross section of 6Li is well established and is illustrated in Figure 3.1. A 
model was constructed to measure the cross section of 6Li in Geant4. This was 
achieved by constructing a very small volume of LiF (dimensions 1.2 x 1.2 x 2 pm) 
within a detecting sphere and then firing a known quantity of neutrons perpendicular 
to the square face. Because of the small dimensions and the use of a spherical 
detector around the LiF, every triton arising from a reaction was captured and so the 
total number of reactions could be determined.
The cross section (an, «) is calculated from the number of reactions (rn,a) for a given 
neutron flux (<p) and a given number density of 6Li atoms in the LiF target (pu) as 
from reference [Knoll: 2000]:
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r n,a ~  (P (J ,u a P u (eqn 4.4)
hence
<7„,« = —  (eqn 4.5)
<PPu
The results obtained are shown in Figure 4.13, with the reference data also included 
[Knoll: 2000].
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Figure 4.13 Comparison of Reference Cross Section for 6l i  vs. Geant4 Simulation6
It can be seen that the simulation has the same shape as the reference data until 
about 10 MeV, however the cross section calculated from the simulation is 
approximately twice that of the reference data for much of this range. Various 
possible faults with the simulation and calculation were examined including the 
calculated number density of 6Li, dimensions of the 6Li block in the simulation and 
tallying errors in the number of tritons counted, however no issues could be 
identified. Above 1 MeV, there is a more significant difference in shape, but cross
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sections remain within an approximate factor of two until around 5 MeV. It should be 
noted that there is a degree of uncertainty with the reference data, with the reference 
graph being generated from 5 data points.
4.5.3 Conclusion
This work illustrates that models in Geant4 can be constructed that predict neutron 
and secondary particle behaviour to a standard that is adequate to predict outcomes 
in the two areas that are essential in terms of modelling this detector i.e. neutron 
capture in 6Li and transmission of alpha particles through LiF.
Differences were observed between measured and simulated data, most notably in 
the measurement of the 6Li (n,a) 3H cross section. In this case, the difference 
remained within a factor of 2  for most of the relevant energy range, hence the model 
remained relevant in determining the relative response of the detector to different 
energies, although the absolute efficiency of the detector may be overestimated.
4.6 Evaluation of Coincidence Detector response to 
theoretical Neutron Sources
A basic model was then constructed in Geant4 using the actual dimensions of the 
detectors and the LiF layer.
A visualisation of this model generated by the Geant4 application is shown in Figure 
4.14. The gap between the detectors, of 1mm in this case, can be seen. This gap 
along with any other voids in the model was filled with air at atmospheric density.
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Figure 4.14 Geant4 Visualisation of basic Detector Geometry 
This image can be compared with a picture of the actual detector:
Figure 4.15 Close up View of mounted CZT Detectors
It can be seen that the elements of the detector deemed to be of significance have 
been reproduced. An omission is the mounting cards for the detectors.
The detectors need to be electrically isolated from each other, hence cannot be in 
direct contact. In practice, the minimum gap obtainable was about 1 mm. The effect 
of the gap between the detectors has been found to be very significant and is
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explored later. The aluminium case was not included in the model as it was not 
considered that this would have a significant effect on the response of the detector.
4.6.1 Response of the Detector to an Isotropic Neutron Source in the LiF 
Layer
In order to establish a baseline response and to confirm that this model was 
responding as expected, a trial was carried out where the detector was exposed to a 
simulated isotropic 2n source of different energies located at the central point of the 
detector face, i.e. in a central location on the LiF. The thickness of the LiF layer 
chosen for the models in sections 4.6 and 4.7 was 7.5 pm.
2  1 0 6 neutrons at each energy level were produced for each run, with the following 
energies chosen: 1eV; 10eV; 100eV; 1 keV; 10 keV; 100 keV; 1 MeV; 2 MeV; 5 MeV; 
10 MeV. The graph was then normalised to give a response per 106 neutrons.
The combined output is shown in Figure 4.16, with the detector acting in scalar 
mode, i.e. simply recording a count every time a triton is detected in one selected 
detector.
Note that if triton incidence on both detectors were recorded, then the count rate 
would be doubled.
It can be seen that this graph follows the form expected from the change in reaction 
cross section with energy as seen in Fig 3.1, including the resonance at about 200 
keV. There are irregularities, particularly towards the higher energy end of the graph. 
This is to be expected due to the low number of tritons detected in the simulation. It 
was considered that to increase the number of data points or to increase the number 
of counts at higher energies would require excessively long program run times.
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Figure 4.16 Tritons detected per 106 neutrons -  2ti source central point on detector
edge
4.6.2 Response of the Detector to Axial Beams
To explore the response of the detector to directional neutron sources, the same 
calculation was then carried out with a beam of neutrons fired in exactly the same 
direction along the central plane of the LiF layer, i.e. perpendicular to the thin edge 
of the detector. The output from this is shown in Figure 4.17. Note again that this is 
the number of tritons incident on one detector only.
There are several differences between this graph and Figure 4.16. Firstly, the 
interaction rate is orders of magnitude higher. This is because of the much more 
favourable geometry, with an unscattered neutron having to travel through 10mm of 
LiF before escaping. The result of this is that at lower energies, most neutrons are 
captured, with 98.4% of neutrons resulting in tritons being detected at 1 eV with 
83.8% at 10eV, dropping to 69% at 100 eV. This is reflected in the fact that there is 
much less drop in interaction rate compared to Figure 4.16. The resonance at 
around 200 keV is still apparent however.
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Figure 4.17 Tritons detected per 106 neutrons with directional neutron beam in
plane of LiF
It should be noted that this is an unrealistic geometry in practice as a beam with 
such a precise orientation would not be observed, and even if it was it would be 
extremely difficult to align it this precisely with the detector.
The source position was then changed so that it was perpendicular to the plane of 
the detector, with the beam being fired in a single direction through the CZT detector 
and into the LiF layer. The output from this is shown in Figure 4.18.
It can be seen that the response is very different to that for a beam along the axis of 
the LiF layer. At low energies the effect of the attenuation of neutrons through the 
2mm CZT detector can be seen, with zero counts being recorded at 0.1 eV due to 
this attenuation. At energies above the cadmium cut off energy of around 0.5 eV 
[Knoll: 2000] the response appears similar to Figure 4.16 for an isotropic source.
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Figure 4.18 Tritons detected per 106 neutrons with neutron beam perpendicular to 
plane of LiF
This extreme variation in response depending on orientation with respect to the 
neutron field direction does present some problems for a detector in practice as the 
precise orientation of the detector with respect to the neutron field will not be known 
in a practical workplace situation, hence calibration of the detector may prove to be a 
problem.
The fact that the detector is opaque to thermal neutrons will also clearly have a very 
significant effect on the sensitivity of the detector to an isotropic thermal neutron 
field.
4.6.3 Response of the Detector to a Realistic Field 
In order to generate a more realistic field geometry, the point of origin of the 2ti 
neutron field was then randomly generated across the edge of the detector to 
simulate a more realistic situation in which a scattered neutron beam impacts on the 
edge of the detector closest to the source at random locations and with random 
orientation.
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For this simulation, neutrons that would in practice impact on the sides of the 
detectors were ignored. This would lead to a degree of underestimation to the 
response at higher energies.
For the initial instance in which the detectors were taken to be in contact, the 
neutrons were assumed to impact uniformly over an area of 4 mm x 10 mm with a 
fluence that is randomised in terms of direction over 2n and point of origin over the 
edge of the detector.
The response of the detector to this more realistic scenario is shown in Figure 4.19.
It should be noted that no separation between the two detectors was assumed in the 
first instance, although in practice 1 mm was the minimum practical separation that 
could be obtained.
As expected from Figure 4.18, it can be seen that the response of the detector to 
thermal neutrons is relatively poor, as with the more realistic source geometry and 
with the detectors in contact, most neutrons have to travel some distance through 
the CZT detectors to reach to LiF layer. This leads to the number the thermal 
neutrons reaching the LiF layer being significantly reduced due to capture.
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Figure 4.19 Tritons detected per 106 Neutrons with 2ti Direction, randomised Point
of Origin and no Separation
The relationship between detector gap and detector response for a constant flux of 
thermal neutrons was also examined so as to determine the optimum detector 
separation for the detection of thermal neutrons. The results for detector separations 
between 0 and 3 mm were plotted and can be seen in Figure 4.20.
It can be seen that the maximum response to thermal neutrons is with the detectors 
having a separation of about 0.7 mm. It can also be seen that increasing or 
decreasing separation above and below this value leads to a relatively rapid 
decrease in sensitivity. This is because an increase in detector gap allows a greater 
number of thermal neutrons to reach the LiF layer without passing through either 
CZT detector. However as the gap is further increased, the geometry for detecting 
coincidences between the two detectors becomes less favourable. This results in an 
optimum separation.
This facet of the detectors performance presented practical difficulties as the 
detector mounting assembly was not designed to allow for extremely fine adjustment 
of detector separation.
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Figure 4.20 The relationship between Detector Separation and Efficiency 
4.6.4 Spectral Response of the Detector
The spectral response of the detector was also investigated to explore whether 
energy information from the incoming neutron could be obtained in principle.
To carry this out, a number of mono-energetic beams of 5 x 104 incident neutrons 
were used in the axial orientation used to generate Figure 4.16. The triton energy 
output spectra were then plotted as shown in Figure 4.21.
This figure illustrates clearly the much greater detection efficiency of lower energy 
neutrons, with the much greater size of the triton peak resulting from 1 eV neutrons.
Triton Energy Spectrum for Different Incident Neutron Energies
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Figure 4.21 Triton Energy Output from Mono-energetic Neutron Beams of 1 eV, 
200 keV, 500 keV, 1 MeV and 2 MeV
As predicted in Section 4.4.5, detected triton energy is related to incident neutron 
energy. From eqn 4.2:
1.75Er = En + Q, where Q = 4.78 MeV
Therefore :
Et = 0.57En + 2.73 MeV (eqn 4.4)
and :
En = (Et - 2.73) / 0.57 MeV (eqn 4.5)
It can be seen that energy loss through the LiF layer means that the energy of the 
triton detected is less than predicted by eqn 4.4, and the exact response of the 
detector would be dependent on the thickness of the LiF layer. Orientation of the 
neutron field with respect to the detector would also be a factor.
89
In order to determine the relationship between neutron and triton energy, incident 
neutron energy from the previous calculation was plotted against peak triton energy 
and the following relationship was observed.
Relationship Between Triton and Incident Neutron Energy
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Figure 4.22 Triton vs. Incident Neutron Energy
The graph shows that there is a linear relationship between peak triton energy (Ef) 
and neutron energy (En) as follows:
En = {Et -  2.25) / 0.6 MeV (eqn 4.6)
This is as expected, from eqn 4.5, corrected for energy degredation of the triton peak 
energy by 0.48 MeV. For any given LiF layer therefore, it should be possible to 
calculate this relationship and hence determine the incident neutron energy from the 
peak triton energy.
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4.7 Predicted Response to the Experimental Radiation 
Field
The neutron source to be used for the practical experiments was a 17.679 GBq 
Americium Beryllium (AmBe) source, which produces neutrons by the 9Be(a, n) 12C 
reaction. The rate of neutron production for sources of this type is proportional to 
alpha activity and is approximately 3 x 104 neutrons / second / GBq [High Tech], 
hence the emission rate of this source was assumed to be 5.3 x 105 neutrons / 
second. This source was contained within a water tank as shown in the following 
picture:
Figure 4.23 Neutron Source Tank
The approximate plan dimensions of the water tank were 76.5 cm by 95.5 cm, with a 
nominal water depth of 73.7 cm. Two sources were contained within the tank, 48.5 
cm from the front of the tank with the source being used, a nominal 30 cm below the
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water level. An air tube is shown at the bottom right of the picture which could be 
inserted into the tank with one end near to the source creating an air filled void.
In the measurement position shown, the detector was approximately 30 cm above 
the surface of the water and 60 cm from the source. Measurements could be made 
with the neutron source fully moderated, alternatively, an air tube could be inserted 
into the tank to reduce the degree of moderation between the source and the 
detector and hence decrease the thermal neutron component of the neutron flux.
4.7.1 The Experimental Neutron Field
There is a standard neutron energy spectrum from an unmoderated Am Be neutron 
source which has been characterised and is shown in Figure 4.16 below. Due to the 
presence of the water tank however, this spectrum will be significantly altered with a 
significant thermal neutron component expected, which is missing from the 
unmoderated spectrum.
Unmoderated Am Be Spectrum
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Figure 4.24 Unmoderated Neutron Spectrum from AmBe Source (52 bin) [ISO 
8529: 2001]
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For modelling, an approximation was carried out with the above spectrum split into 
13 energy bins as shown in Figure 4.25.
Modelling the full 52 bin spectrum in a realistic geometry would have involved 
prohibitive program run times on a pc based application, however the same degree 
of shielding between the source and detector could be simulated by the use of a 
water sphere, with complexity being reduced by the use of the 13 bin spectrum. The 
geometry was therefore assumed to be a 30 cm radius sphere with the source at its 
centre. The detector was a hollow sphere with a 60 cm radius as this is the distance 
of the detector from the source. The energy of every neutron leaving the sphere was 
then captured whatever the direction of emission. It was assumed that the neutron 
energy spectrum would not be altered between leaving the water and reaching the 
detector.
Unmoderated Am Be Spectrum (13 Bin)
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Figure 4.25 Unmoderated Neutron Spectrum from AmBe Source (13 bin)
The use of this approach increased the efficiency of the model by orders of 
magnitude compared with using a small volume detector and made an assessment 
of the neutron spectra possible. For example, a realistic geometry might assume a 
100 cm2 detector at a distance of 60 cm from the source. The area of a sphere of
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radius 60 cm is approximately 45,000 cm2, hence assuming an isotropic neutron field 
from the source, run time would have to be increased by over 450 times to obtain the 
same neutron tally. With the approximations made, this simulation took several 
hours to perform and so a calculation using a realistic geometry would not have 
been practicable.
It can be seen that the simplified spectrum used for the simulation retained the 
overall features of the more detailed spectrum.
Applying the simplified spectrum to the model yields the results shown in Figure 
4.26.
Moderated AmBe Spectrum (13 Bin)
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Figure 4.26 Simplified (13 bin) Am-Be Neutron Spectrum Moderated by 30 cm of 
Water
The moderated spectrum shows that the majority of neutrons undergo capture in the 
water tank (around 77%), with 2,290 actually being detected. Of those that escape 
capture, the majority (1440) are reduced to low energies i.e. approaching zero on the 
above graph. It might be assumed that these neutrons are at thermal energies,
94
however with the broad range of energies covered by this simulation, it was only 
possible to determine that they were at energies of less than 67 keV.
In order to form a conclusion about what energy the neutrons had reached, a 
simulation was carried using the same water sphere used above, but using a 
monoenergetic neutron source of 3.5 MeV, which corresponded to the neutron peak 
energy from Figure 4.17. The low energy elements of the spectrum only were 
examined and the results are shown in Figure 4.27.
Moderated 3.5 MeV Neutron Source Spectrum  (< 2 eV)
1 .4 0 E + 0 3
1 .2 0 E + 0 3
1 .0 0 E + 0 3
.00 E + 0 2
6 .0 0 E + 0 2
4 .0 0 E + 0 2
2 .0 0 E + 0 2
O.OOE+OO
0.2 0 .4 0.6 1.4
Neutron Energy (eV)
Figure 4.27 Detailed Low Energy Neutron Spectrum for 3.5 MeV neutrons 
Moderated by 30 cm of Water
This indicates that the majority of neutrons only known to be below 67 keV in the 
previous simulation are indeed reduced to thermal levels. As for the previous 
simulation, the scale shows neutrons detected per 10,000 emitted. Table 4.1 shows 
the actual distribution of neutron energies.
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Table 4.1 Neutron Energy Groups for 3.5 MeV neutrons Moderated by 30 cm of 
Water
Neutron Energy 
Range
Neutrons Detected per 
10,000 Emitted
<0.1 eV 1,180
0.1 -0 .2  eV 41
0.2 -  0.5eV 6
0.5-19.8 33
> 19.8 eV 454
Total 1,714
The results for the second simulation are similar to the first in terms of the numbers 
of neutrons detected and their apparent energy distribution. Although it is clear that 
not all neutrons with energies less than 67 keV will be reduced to thermal energies, 
the majority will be. Hence the assumption will be made for the purposes of any 
calculation, that 1 ,2 0 0  thermal neutrons escape the water tank per 1 0 4 neutrons 
emitted from the source (1 2 %).
4.7.2 Predicted Response to the Experimental Neutron Field 
It is assumed that the neutrons are emitted and move away from the source 
isotropically and that the distance of the source to the detector is 60 cm. Hence, the 
neutron flux is assumed to be distributed evenly over the surface of a sphere of area 
45,000 cm2. The source is giving off 5.3 x 105 neutrons / second, so the thermal 
neutron flux (cp) at the detector position will be given by:
(p = (5.3 105 x 0.12) / 45,000 cm"2s"1 = 1.4 cm"2s"1
Using this flux, the theoretical response of the detector can be calculated using 
Figure 4.19. At the gap between the detectors of 1mm, approximately 1,300 
neutrons were detected per 1 0 5 incident on the detector lower edge, an efficiency of 
1.3%. The edge of the detector has an area of 0.5 cm2, therefore the expected 
detection rate would be 9.1 x 10"3 counts per second.
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Counts corresponding to neutron detection will therefore be very low, hence the 
presence of any background signal will be significant.
4.7.3 The Experimental Gamma Field
As the detection rate arising from neutron events will be low, spurious signals arising 
from any gamma field present may be significant. From the discussion in section 2.5, 
it is clear that a coincidence could occur in the detectors as a result of gamma 
interactions by a number of means including the following:
• Random coincidences from two photons as a result of the background 
count rate [Knoll: 2000], given by:
rCh= 2x^2 (eqn 4.6)
where w s  the chance coincidence rate;
2 t  is the time window;
r?and /2  are the rates at the two detectors respectively.
• Compton scattering events from a single photon resulting in significant 
energy being deposited in both detectors simultaneously.
• Pair production events resulting in significant energy being deposited in 
both detectors simultaneously.
It was therefore necessary to measure the gamma field to determine whether there 
was a potential issue.
The gamma spectrum was measured using a Nal scintillation detector at 
approximately 30 cm from the water tank, the spectrum obtained being illustrated in 
the Figure 4.28.
It can be seen that there is a pronounced 2.2 MeV gamma peak from the 1H (n, y) 2H 
reaction, with a scattered continuum below this energy, a single escape peak below 
the 2.2 MeV peak is also visible.
There is also a peak visible at between 4 and 5 MeV, with the single and double 
escape peaks below this also visible.
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Figure 4.28 Measured Gamma Spectrum for Moderated Neutron Source
It is clear that there are significant high energy gamma emissions coming from the 
water tank. These will have to be considered in the experimental phase of the 
experiment.
4.8 Simulated Coincidence Counter MCA Outputs
As the final part of the Geant4 simulation programme, an attempt was made to 
predict what the experimental MCA output would actually be as a result of exposing 
the coincidence detector to neutrons and detecting the tritons and alpha particles 
arising as a result. This was important as it would help to inform the analysis of any 
spectrum that might emerge.
It should be stressed however that the response due to noise and also resulting from 
coincidences being generated from gamma background were not included. 
Calculating or modelling the gamma coincidence background was not attempted due
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to the complexity of the gamma spectrum, assumptions that would have to be made 
about the gamma field orientation and complexity of interactions of the gamma 
photons and secondary particles with the detectors that would lead to coincidences. 
This will need to be taken into account when comparing the predicted with the actual 
results.
The detector parameters used were informed by the work in the earlier sections. It 
should be noted that the Gaussian approximation described in Section 4.5 was also 
used.
The following simulations assume a neutron source consisting entirely of slow 
neutrons. Modelling the response to the unmoderated field as shown in Figure 4.2.5 
was considered, but was discounted for two reasons.
Firstly, the addition of the air tube reduced the moderated component above the air 
tube, but a very significant (but unquantified) moderated component of the neutron 
field would remain. This moderated component, even if an order of magnitude 
smaller, would still dominate the response of the detector due to the greater 
response at low energies, meaning that any modelled response to the unmoderated 
workplace field would be highly speculative. No attempt was made to model the 
neutron field as the large angular variation due to the presence of the air tube would 
mean that a small detector volume would be required, resulting in the problems of 
very long run time avoided in Section 4.7.1.
The second reason this was not carried out was that the low interaction rates at 
higher energies would require extremely long run times to generate a significant 
output. For example, for 0.5 MeV neutrons, 1 interaction was recorded for a run of 
105 neutrons incident on the detector, compared to nearly 900 for a similar run of 0.1 
eV neutrons. From the simulation carried out in section 4.7.1, it was found that 
around 1 2 0 0  thermal neutrons were detected per 1 0 4 emitted with the moderator in 
place. If the assumption is made that the balance would emerge as fast neutrons, 
with the air tube in place, fast neutrons might be expected to dominate by an order of 
magnitude leading to a response of the order of 1 % to fast neutrons of the slow 
neutron response.
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4.8.1 Simulated response of a Coincidence Counter with 7 pm LiF Layer 
A simulation was carried out to look at the predicted output spectrum of a 7 pm LiF 
layer, which was deduced to represent the optimum thickness in earlier simulations.
The distributed neutron field as described in section 4.6.3 was used, assuming 
neutrons of energy 0.1 eV, which is representative of the fully moderated neutron 
field (see Figures 4.2.6 and 4.2.7).
It should be noted that neutron energies up to 104eV will have very little apparent 
effect on the MCA output, as this is a very small fraction of the energies of the triton 
and the alpha arising (see Figure 4.21), which can therefore be assumed to have 
initial energies of 2.73 and 2.05 MeV respectively (see section 3.2.2).
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Figure 4.29 Geant4 simulated coincidence spectrum from slow neutrons with a 7 
pm LiF Layer
It can be seen that there is a peak close to the expected triton energy that is just 
distinguishable from the lower energy alpha and triton particles.
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A better resolved more pronounced peak would be easier to distinguish however. 
This suggests that a thickness of 7 pm may not be ideal, therefore a thinner LiF layer 
was investigated.
4.8.2 Simulated Response to Slow Neutrons of a Coincidence Counter 
with 4 pm LiF Layer 
In this simulation, a 4 pm LiF layer is used with a separation between the detectors 
of 1 mm. All other parameters from the previous simulation remained the same. The 
output from this is shown in Figure 4.30.
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Figure 4.30 Geant4 simulated coincidence spectrum from slow neutrons with a 4 
pm LiF layer
This time, the triton peak can be seen very clearly, at an energy of 2.4 MeV. The 
amplitude of the peak is very much greater than in the previous simulation, meaning 
that it will be easier to distinguish from any gamma background signal.
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The alpha peak is just visible at 1.78 MeV, however the alpha spectrum is very 
significantly degraded and it is therefore unlikely that an individual alpha peak would 
be observed in practice. The obvious presence of the triton peak does mean 
however that a 4 pm coating thickness should be viable.
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5. Experimental Preparation and Measurement
5.1 Thin Film Coating of a CZT Detector
In order to place layers of LiF of the order of 1 pm on the surface of the CZT 
detector, the technique of evaporation deposition under vacuum was used.
This approach involves placing a quantity of the coating substance on a high melting 
point resistor or “boat” made out of tungsten or molybdenum. A large current is then 
passed through the boat whilst under vacuum, raising the sample temperature above 
its melting point. The sample then evaporates under vacuum, condensing on the 
surrounding cold surfaces in a layer which is of uniform thickness at a given distance 
from the evaporation point [Goyal: 2005].
If the target item, in this case the CZT detector, is placed above the boat during this 
process, it will therefore receive a uniform coating of the sample placed in the boat 
that will be proportional to the sample mass evaporated. The LiF sample used was a 
6LiF powder prepared by Teledyne Isotopes.
5.1.1 Coating Apparatus
The Edwards vacuum chamber used to carry out the coating is shown in Figure 5.1. 
The vacuum chamber is the glass dome on top of the equipment. Other features are 
an integral diffusion pump, rotary pump vacuum gauge and low voltage power 
supply. When the vacuum chamber was in use, a metal mesh safety cage was 
placed over it to retain debris in case of failure.
Visible within the chamber is the custom made holder / shroud for the detector, 
shown in Figure 5.2 with the detector in place, face down. The function of this was to 
locate the detector in the chamber and to shroud areas of the detector that were not 
being coated.
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Figure 5.1 Edwards vacuum deposition chamber
...imm
Figure 5.2 Custom made detector holder / shroud with detector in place
104
5.1.2 Initial Coating Trials
In carrying out this work successfully, there were a number of practical issues to 
address, the first being to identify a boat that would reach the melting point of LiF 
powder (845°C) [FMC: 2010] within the maximum current of the device of 40 amps 
and, at the same time, carry enough of the sample powder to generate a significant 
coating thickness.
An attempt was then made to determine the relationship between the sample mass 
evaporated from the boat and the coating thickness. Initially, an assumption was 
made that there was an isotropic distribution of vapour from the boat. This being the 
case, the mass (Ms) on a small surface (s) at distance r  from the boat would be 
given by the approximation:
M
(Eqn 5.1)
where Me is the mass of sample evaporated and As is the area of surface s.
Me can be determined by subtracting the mass of the boat after evaporation from the 
mass of the boat before evaporation.
The Coating Thickness t is given by:
4 P (Eqn 5.2)
where p is the density of the LiF powder, 
and:
" s f e  (E<|"53>
In this instance, rwas measured to be 9.0 ± 0.1 cm. The density of LiF is 2.6 g/cm3 
[FMC: 2010]
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To verify whether the assumption of isotropic distribution of the vapour was correct 
and hence whether these equations could be used, a number of trials were carried 
out using masked glass slides as shown in Figure 5.3. The slide was masked at both 
ends. In Figure 5.3, one of the masks is removed revealing the un coated section on 
the slide.
The use of these slides generated a coated area between the areas of foil masking. 
The thickness of this coating was then determined using the Veeco DektakS stylus 
profiler [Veeco: 2004].
Figure 5.3 Shrouded glass slide following coating
The results of these initial trials are shown in Table 5.1:
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Table 5.1 Evaporator Coating Trial Thickness Results
Run Me (g) t measured (pm) t calculated (pm) t/Me measured 
(pm/g)
1 (Slide) 0.651 12.5 ±0.2 2.5 19.2
2 (Slide) 0.152 2.7± 0.2 0 .6 17.8
3 (Detector) 0.153 2.7± 0.2 0 .6 17.6
From these results, it was clear that there was a non-isotropic distribution of LiF, 
presumably due to the geometry and layout of the vacuum chamber and boat. This 
led to a significant overestimate using equation 5.1. The assumption that coating 
thickness at a fixed point in chamber is approximately proportional to evaporation 
mass, assuming constant geometry, seems reasonable however.
For the purposes of the current work, the approximate relationship between Me and 
thickness had to be evaluated, so that the thickness of the coating applied would be 
in line with requirements. Although the actual thickness did not have to be precisely 
calculated, it could be measured with the Dektak and estimated by alpha-particle 
energy loss and transmission measurements.
5.1.3 Successful Coating of the Detector
A number of trials were carried out in which layers of LiF were placed on the 
detector, followed by measurements. Removal of the LiF from the surface of the 
detector was straightforward as the surface layer could easily be wiped off using a 
cotton bud. Ultimately, a layer of LiF was placed on the detector, for which 
reproducible measurements were obtained.
As can be seen from the Dektak scan shown in Figure 5.4, the thickness of this layer 
was approximately 4 pm. Note that the bare CZT detector surface is to the right of 
the 2.00E+03 pm point on the x axis, the step up to the LiF layer is to the left.
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Figure 5.4 Dektak scan of the CZT detector surface following successful LiF 
coating
5.1.4 Coating Trial for Thicker Layer
Trials were carried out to apply a thicker layer than the 4 pm thickness used in order 
to increase the number of reactions taking place in the LiF layer. This was 
unsuccessful as the thicker coating was observed to crystallise and start to break up. 
This was apparent to the naked eye, as can be seen from Figure 5.5:
b
Figure 5.5 Photo of CZT detector following application of a thicker LiF coating
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To assess the thickness of the coating and the extent of the covering, the surface 
was scanned with the Dektak as before.
The results of this are shown in Figure 5.6 which shows a scan of the elevation of 
the surface of the detector across a 5 mm section. This shows sections where there 
is a surface layer present (which was approximately 7 pm thick) however there are 
very large gaps present where the coating has completely broken away.
45 n
40 --
35 - -
25 —
20  - -
0.00E+00 5.00E+02 1.00E+03 1.50E+03 2.00E+03 2.50E+03 3.00E+03 3.50E+03 4.00E+03 4.50E+03 5.00E+03
Horizontal Travel (pm)
Figure 5.6 Dektak scan of the CZT detector surface following thick LiF coating
This indicated that there may be practical problems in placing a durable LiF coating 
much more than 4 pm on a CZT detector. Further development work on coating 
techniques may resolve this issue; however, this was outside the scope of the 
current research.
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5.2 Response of Uncoated CZT Detectors to Alpha, 
Gamma and Neutron Radiation
A number of measurements were carried out with uncoated detectors in the 
presence of alpha, gamma and neutron radiation as well as in a low background 
environment in order to determine the detector response. This was to establish the 
background and expected response of the detector so that the effect of the LiF 
coating could be established.
The success of these measurements relies on the fact that the CZT detector has a 
signal output that is proportional to the energy deposited by the radiation being 
measured [Pearson: 2001]. For alpha particles and tritons whose range is short 
compared to the detector dimension/volume, virtually all the energy will be deposited 
(with some small expected losses due to bremsstrahlung) and therefore output 
signal will be essentially proportional to particle energy.
5.2.1 Measurement Circuit Characteristics
A measurement circuit was constructed as shown in Figure 5.7. The items outside 
the dotted line form the basic spectrometry circuit, with the items inside the dotted 
line added for coincidence counting.
The pre-amplifiers used were a Canberra 1406D on the basic spectrometry circuit 
and an ORTEC 142 on the coincidence circuit. These are charge sensitive 
preamplifiers that collect the charge generated by the detector and produce a pulse 
with a short rise time of a few ns which then decays over a period of around 500 ps 
[ORTEC: 142] [Canberra: 1406].
The amplifiers were Canberra 2020 models used to further amplify the pulse to an 
amplitude of between 0 and 10 V and also to reduce its length by applying a shaping 
time of between 0.25 and 10 ps depending on user requirements [Canberra: 2020]. 
In this case the minimum shaping time of 0.25 ps was used in order to obtain the 
most precise coincidence counting possible.
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Figure 5.7 Measurement circuit showing coincidence elements
In order to carry out coincidence counting, an ORTEC 427A delay amplifier was also 
required in the basic spectrometry circuit to allow the pulse to be delayed if 
necessary [ORTEC: 427].
The ORTEC multi channel analyser (MCA) [ORTEC: 2008] is an analogue to digital 
converter that converts the pulse into a digital number proportional to its amplitude 
and then assigns one count to the corresponding channel in the buffer, with a range 
from 0 to 1023. The MCA could operate in a gated mode when required. The use of 
this is explained later in this section
The output was to a PC that interfaced with the MCA using the Maestro -  32 MCA 
Emulator Software supplied.
The function of the coincidence circuit was to provide the logic pulse to the MCB 
coincidence gate. This was achieved by using the ORTEC 550A SCA (Single 
Channel Analyser) to select certain pulses and reject others based on pulse height, 
providing a logic pulse output for those accepted [ORTEC: 550]. In this application,
i n
the lower level discriminator was set at 0.2 V, corresponding to an alpha particle 
energy of 450 keV.
On receipt of the logic pulse from the SCA, the Gate and Delay Generator provided 
an output pulse of between 2 and 10 V, with a delay of up to 110 ps and a pulse 
width of between 0.4 and 4 ps to the gate [ORTEC: 416].
A number of different equipment items were tried, and in each case the item with the 
best performance, particularly in terms of noise and gain stability, was selected.
There were ongoing problems with both of these issues, however these were 
considered in the end to be manageable. For instance different types of pre­
amplifiers were used for the two sides of the circuit, leading to different amplifier 
gains required on each side. This issue was resolved by calibrating each side of the 
circuit before use with a triple alpha source with isotopes as shown in Figure 4.8.
The gain was set for each side of the circuit such that the peaks were located at the 
same channel position prior to each measurement and the channel numbers noted 
so that the measurement output spectrum could be calibrated.
A significant issue was that there was a degree of gain drift associated with one of 
the amplifiers used. However when this was identified, the amplifier affected was 
only used on the gate side of the circuit, where precise energy resolution was less 
important. Other amplifiers were tried however they suffered from excessive noise or 
inadequate energy and time resolution and so were not considered suitable.
Once the ability of each side of the circuit to perform adequately in measuring the 
triple alpha source had been established, i.e. no observable gain drift and 
insignificant noise, the circuit could be set up in coincidence mode.
The gate timing for the gating signal was established by splitting the pre-amplifier 
output from one of the detectors exposed to the triple alpha source and using it as 
an input for both of the amplifiers. The outputs from each side of the circuit were 
then connected to the Channel 1 and 2 inputs of an oscilloscope rather than the 
input and gate connections of the MCA.
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Figure 5.8 shows a screen shot of the oscilloscope screen with the outputs aligned 
correctly.
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Figure 5.8 Oscilloscope output showing signal and gate
According to the MCA manual [ORTEC: 2008], the gating signal was required to 
extend at least 0.5 ps either side of the peak. In this image, one large grid 
corresponds to 1 ps, hence the gating signal extends about 0.7 ps either side of the 
peak. Alignment was achieved by adjusting the delay settings on the delay amplifier 
and the delay and gate width settings on the gate and delay generator.
Following the setting up of the coincidence circuit, the circuit was again tested 
against the triple alpha source as it was noticed that different delay settings on the 
delay amplifier had a slight effect on overall gain, requiring readjustment of the 
spectroscopy amplifiers.
113
5.2.2 Response of the LiF Detector to Alpha and Gamma Radiation 
This initial experiment was to determine the response of the bare CZT detector to 
alpha and gamma radiation. In order to do this, a triple isotope alpha source was 
used, the isotopes being 244C m ,241 Am and 239Pu with the strongest alpha particles 
energies at 5.805, 5.486 and 5.157 MeV respectively as well as a variety of single 
isotope gamma sources, including 133Ba, 137Cs and 60Co.
As can be see from Figure 5.9, the source and detectors were placed in a light tight 
conducting box, necessary because of the CZT detector’s sensitivity to visible light 
and to reduce electromagnetic interference. This box was sealed and could be 
evacuated using a rotary pump in order to minimise degradation of the alpha 
spectrum.
Figure 5.9 Neutron tank with detector box
The triple alpha spectrum produced can be seen in Figure 4.8 and was used to 
derive the energy response of the CZT detector to alpha radiation by plotting the 
known alpha energy peaks against channel number to obtain the number of eV per 
channel. This is shown in Figure 5.11.
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Once this had been established, the response of the detector to gamma radiation 
was also investigated by using a number of standard gamma reference sources.
The gamma sources used, together with their principle emissions are shown in Table 
5.2.
Table 5.2 Gamma Emitting (Mother) Radioisotopes with Principle Emissions 
[Firestone: 1996]
Isotope Principle Emissions (keV)
m Ba 356 (61.9%), 81 (34.1%), 303 (18.3%)
u 'Cs 662(85.1%)
§ o o 1332 (100%), 1173 (99.9%)
A measurement was also attempted with a 57Co source, but it was found that the 122 
and 136 keV emissions from 57Co could not be distinguished from the low energy 
noise. There was a good response to the 133Ba, 137Cs and 60Co sources and this is 
shown in Figure 5.10.
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Figure 5.10 Log / normal response of CZT detector to 133Ba, 137Cs and 60Co
sources
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Noting that the above spectra were calibrated on the basis of the detectors response 
to alpha radiation, peaks can be observed in the 133Ba spectrum at 347 and 413 keV 
and in the 137Cs spectrum at 694 keV. In the 60Co spectrum, a broad peak is 
observed, centred around 1.29 MeV, but the expected pair of peaks are not clearly 
visible.
Figure 5.11 shows the discrete alpha and gamma peaks identified plotted against 
channel number with identical amplifier gains used. The blue line shows the least 
squares fit energy response from the alpha energies which is used to calibrate the 
gamma responses in Figure 5.10. The pink line shows the least squares fit of the 
gamma responses.
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Figure 5.11 Energy response of CZT detector to alpha and gamma sources
The difference in gradient i.e. the calculated number of eV per channel is less than 
3% with the intercept from the alpha sources calculated at 89.0 keV compared to 
30.7 keV for the gamma sources. A higher intercept for the alpha response is to be
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expected due to the greater energy loss through the platinum layer on the surface of 
each CZT detector.
5.2.3 Response of the CZT Detector to Radiation from the Neutron Tank 
The neutron source was the water tank containing two Am Be sources of 10.286 GBq 
241 Am and 17.679 GBq 241 Am strength as described in Section 4.7. It should be 
noted that for all the measurements taken in this section, the sources were used in 
the fully moderated orientation i.e. without the presence of an air tube.
The neutron tank is shown in Figure 5.9 with the detector box in place. Note that in 
this image, two 5 cm lead shielding blocks are under the detector, providing a 
degree of gamma shielding. It should also be noted that a number of measurements 
were taken both with and without neutron shielding. Whether shielding was in place 
or not will be made clear in the accompanying text.
The measurement position was as close as possible to the water surface, directly 
above the larger activity source.
It can be seen that the detector is mounted on wooden batons and secured using 
insulating tape. This is to insulate it from the considerable background electrical 
noise produced by the tank, which meant that no part of the detector box could have 
any conducting contact with the tank itself.
In order to fully understand the response of the detectors when operating in the 
desired mode, i.e. in coincidence, with one of the detectors coated with the LiF layer, 
it was necessary to examine the response of the detectors to the experimental 
radiation field in un coated and non coincidence modes.
Initially therefore, the response of the bare CZT detector to the unshielded neutron 
tank field was examined with the results shown in Figure 5.12. It has been shown in 
Figure 4.28 that there are gamma emissions up to 5 MeV coming from the tank, 
hence a significant response from the CZT detector to these emissions is to be 
expected.
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The spectrum does not show evidence of any peaks although there is a slight 
change in gradient apparent at 1.25 MeV, suggesting the possible presence of 
gamma radiation at around that energy. This does not correspond to the measured 
gamma spectrum as shown in Figure 4.28 however.
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Figure 5.12 Uncoated CZT unshielded neutron tank response
When the same spectrum was plotted on log / linear axes, further detail becomes 
apparent at higher energies as seen in Figure 5.13. This Figure also shows the 
background reading obtained for the detector in the lab, but at a distance of several 
metres from the neutron tank.
Not apparent in Figure 5.12, but obvious in Figure 5.13 is the presence of peaks in 
both spectra in the 4 - 6 MeV region. It will be noted that twin gamma peaks from 
60Co were not clearly resolved by the detector, however Figure 4.8 shows that the 
detector can resolve alpha peaks in the 4-6 MeV region, hence it is concluded that 
these are alpha peaks due to natural background alpha radiation from the uranium 
and thorium decay series [Firestone: 1996].
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Figure 5.13 Log / normal uncoated CZT unshielded neutron tank response with 
background
In order to provide a baseline for coincidence count measurements, the uncoated 
detectors were also used in coincidence mode over the neutron tank with 5 cm of 
lead shielding placed between the detectors and the tank. This arrangement is 
shown in Figure 5.9. The results of this measurement are shown in Figure 5.14.
It can be seen that the count rate is lower by around two orders of magnitude due to 
the presence of the shielding and the requirement for measurements to arrive at 
both detectors within the coincidence window described in Section 5.2.1.
The only noticeable feature of this graph is a change of gradient or shoulder 
observable at 1.2 MeV. The alpha peaks observable in Figure 5.13 are not apparent.
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Figure 5.14 Response of uncoated coincidence detectors to shielded neutron tank 
field
5.3 Measurements with LiF Coated Detectors
A number of measurements were then taken in the radiation field of the neutron tank 
using the CZT detector coated with 4 pm of LiF. Measurements were taken with the 
detector on its own and in coincidence. Measurements were also made with and 
without the presence of lead shielding.
The first measurement taken was using the coated detector without the 5 cm thick 
lead shield in place. The resulting output, shown in Figure 5.15 is very similar to that 
of the uncoated detector shown in Figure 5.12, with a similar count rate shown. The 
smoother curve in Figure 5.12 is the result of a longer count time.
There is no evidence of the triton peak between 2 - 3  MeV predicted in section 4.8. 
Tritons produced in the LiF layer and seen by the detector are apparently lost in the 
response of the detector to the gamma radiation coming from the tank.
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Figure 5.15 LiF coated CZT unshielded neutron tank response
The measurement was then repeated with the 5 cm lead shield in place and the 
resulting response shown in Figure 5.16. The graph is very similar overall, although 
the response is significantly reduced. A slight plateau is now observable in the 2 -  3 
MeV range which may be due to the predicted tritons being observable above the 
reduced gamma background response.
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Figure 5.16 LiF coated CZT lead shielded neutron tank response
The final set of measurements carried out was to use the 4 pm LiF coated detector 
in coincidence, with the 5 cm of lead shielding in place. The results of this 
measurement are shown in Figure 5.17, which also includes the results of the 
uncoated, shielded coincidence measurement.
In this instance, the predicted triton peak in the 2 -  3 MeV region is clearly visible 
when compared with the uncoated measurement, with the peak count rate occurring 
at 2.52 MeV.
The change in gradient at 1.2 -  1.25 MeV is also quite apparent in both spectra.
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Figure 5.17 Lead shielded, LIF Coated moderated coincidence count (with 
background)
In Section 4.7.2, it had been calculated that the response rate of the detector to the 
neutron source would be 9.1 103 triton counts per second for a detector with a 7.5 
pm LiF layer. If the net count rate in the area between the curves in the region of 
2.00 -  2.74 MeV is calculated, the response comes to 6.3 10"4 counts per second for 
the 4pm LiF coated detector.
This is significantly lower than expected even taking into account the difference in 
LiF layer thickness. It should be noted however, that a number of assumptions were 
made in deriving the theoretical response of the detector, particularly relating to 
neutron source direction, which were shown in Section 4.6 to affect the efficiency of 
the detector by orders of magnitude. It is also known that separation of the detectors 
when in coincidence mode has a very significant effect on detector efficiency (see 
Figure 4.2) and it was not possible to set the detector separation with an accuracy of 
greater than +/- 0.5 mm.
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Figure 5.18 Lead shielded, LIF coated moderated coincidence count with 
background subtracted
Figure 5.18 shows the LiF coated coincidence count with the background subtracted. 
A peak is clearly visible in the 2.45 -  2.65 MeV region. This can be compared to the 
predicted Geant4 output to a thermal neutron spectrum as shown in Figure 4.30, 
reproduced in Figure 5.19.
Compared to Figure 5.18, Figure 5.19 shows the peak at a slightly lower energy of 
2.4 MeV compared to 2.45 -  2.65 MeV and also shows a less well resolved peak
A more noticeable difference between the spectra is the greater signal in Figure 
5.18 at lower energies and it is most likely that this is due to a slightly lower 
background radiation level present when the background measurement was taken. It 
was observed that the signal at very low energies, close to the low level 
discriminator, did increase over time.
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Figure 5.19 Geant4 simulated coincidence spectrum from slow neutrons with a 
4pm LiF layer
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6. Conclusions
6.1 Use of the Geant4 Application in Detector Design
It was shown in Section 4.5 that the Geant4 application could be used to carry out 
simulations that were relevant to the design of this detector. This was demonstrated 
by carrying out simulations against reference and experimentally derived data. 
Although differences were observed between measured and predicted results, it was 
judged that the predictions from the simulation were accurate enough to be of 
considerable use when designing the detector and determining its characteristics.
The use of Geant4 proved invaluable in the development of the detector, identifying 
the following aspects of detector performance.
e The very significant directional sensitivity of the detector due to the cadmium 
composition of the detectors and the alignment of the LiF layer. This is 
addressed in Section 4.6 and shown in Figures 4.17 and 4.18.
• The energy response of the detector, an example of which is shown in Figure 
4.19.
e That a gap between the detectors was necessary in order to optimise the 
detector response to neutrons below the cadmium cut off energy. The width of 
the gap was also determined and is illustrated in Figure 4.20.
• That it was possible to demonstrate that the detector could be used to infer 
incident neutron energy from the energy of tritons detected, and what the 
relationship was between neutron and triton energy. This is shown in Figure 
4.21.
• The optimum thickness of the LiF layer, showing that a LiF layer of 4 pm gave 
a superior response to a 7 pm layer. This is addressed in Section 4.8 and 
shown in Figures 4.30 and 4.31, which give the predicted MCA output that 
would be observed experimentally.
• Simulation of the moderated experimental neutron field, leading to an 
assessment of the detector response to this field, shown in Section 4.7.
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Without simulation using Geant4 or a comparable Monte Carlo radiation transport 
code, it would have been impossible to identify and quantify all these factors hence 
the use of Geant4 was of great assistance in understanding the response of the 
detector and in attempting to optimise its design.
6.2 Preparation of the LiF Coated Detector
It was possible to place a suitable coating of LiF on a CZT detector using a vacuum 
deposition chamber. It was found to be necessary to derive the coating thickness 
that would result from melting a known quantity of LiF powder in the chamber by 
partially coating glass slides and measuring the LiF coating thickness on a VEECO 
DektakS stylus profiling device. Using this approach, a detector was coated with a 4 
pm LiF layer which was also successfully measured on the Dektak.
Coating the detector with thicker coatings up to 7 pm of LiF was found to be more 
difficult as the thicker layers did not adhere to the surface of the CZT, but broke off 
very easily, leaving only a partially coated surface.
6.3 Operation and Viability of the LiF Coated Detector
It can be seen from Figures 5.16 and 5.17 that the novel neutron detector was able 
to detect the presence of slow neutrons in a mixed neutron and gamma field, as the 
presence of the predicted triton peak is clearly visible in these spectra. There was 
however no indication that higher energy neutrons were being measured, and so it 
was not possible to derive neutron spectrum information from the measurements of 
triton energies as a result of Geant4 calculations previously carried out.
A known attribute of the CZT detector was its sensitivity to gamma radiation, and this 
was one of the reasons for its selection as it was hoped to produce a detector 
sensitive to gamma and neutron radiation. The gamma sensitivity of the detector did 
prove to be a problem however due to the relatively high background present even in 
coincidence mode. Detection of the tritons was only achieved by the use of
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significant lead shielding to attenuate the gamma field incident on the detector and 
hence reduce random coincidence events.
That lead shielding was required in order for the detector to produce significant 
counts above background presents a problem for the planned use of the detector as 
a personal dose meter as the addition of several kg of lead would render it 
completely impractical for this application. Its use as a portable workplace monitor 
may not be completely out of the question however.
The Geant4 simulations had predicted that the efficiency of the detector even for 
slow neutrons would be very low, and in practice they proved to be over an order of 
magnitude lower than predicted. This resulted in long count times of hundreds of 
hours to establish a significant result. As explored in Chapter 2, there are a large 
number of viable devices available that detect slow neutrons with a much greater 
efficiency than this detector, the advantage of this detector would remain its potential 
to directly infer the energy of the incident neutrons. If it were able to do this 
successfully, run times of hundreds of hours in order to characterise a neutron 
spectrum would not be prohibitive.
6.4 Limitations of CZT as a Neutron Detector
Although it was found to be possible to detect neutrons using the LiF coated CZT 
detectors in coincidence, CZT was found to have a number of limitations as a 
neutron detector.
6.4.1 Gamma Sensitivity
The gamma sensitivity of the detectors used made the use of lead shielding 
essential for the detector to operate effectively in a mixed neutron and gamma field. 
This would make use of this type of detector impracticable for a wide variety of 
applications although the use of thinner detectors would reduce the gamma 
response and could be explored.
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6.4.2 Opacity of the Detector to Thermal Neutrons 
The 2mm thick CZT detectors were found to be opaque to thermal neutrons. This 
meant that thermal neutrons could not reach the LiF layer unless a gap was 
introduced between them. This gap reduced the efficiency of the detector once an 
interaction had taken place however. It also meant that building a large area detector 
with good thermal neutron sensitivity would present problems. Again, the use of a 
thinner detector could increase the transmission of thermal neutrons.
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7. Suggested Further Developments
7.1 Application of Detector Coatings
Further development work would be useful in order to determine how to reliably 
place coatings of a known thickness of LiF on CZT detectors. As has been 
explained, initial attempts to place a thin coating on the detector were successful, 
however later attempts to place a thicker coating failed. It is likely that thicker 
coatings are more difficult to apply successfully. However, there are a number of 
variables involved in the process that could be explored to achieve more successful 
coating [Goyal: 2005].
These factors included the following:
• Optimum evaporation temperature of the LiF 
e Mass of LiF used for each deposition run
• Current used to heat the boat
e Design geometry and material of boat used 
e Distance from the boat to the detector
• Introduction of different gas compositions and pressures into the chamber.
• Heating of the detector (i.e. the substrate) above ambient temperature
Other coating techniques such as chemical vapour deposition and sputtering could 
also be attempted
7.2 Use of Alternative Detectors
As described in Section 6.4.3, there were a number of features of the CZT detectors 
used that compromised their ability to function effectively as a neutron detector. 
Thinner CZT detectors might be beneficial and would be worth exploring as 
transmission of thermal neutrons through the detector would improve. Sensitivity of
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the detectors to gamma radiation would also reduce, which would have the benefit of 
reducing background for neutron measurements.
The use of an alternative detector such as a PIPS would avoid the issues of neutron 
attenuation, gamma sensitivity and production of capture gammas and might prove 
capable of producing a viable detector.
Key advantages would be the lack of sensitivity to gamma radiation, which would 
mean that shielding would not be required and the lack of neutron capture issues. 
This would mean that a large area detector could be constructed with good 
sensitivity to thermal neutrons.
Constructing a large detector would also improve sensitivity proportionally and would 
enable detection of significant numbers of higher energy neutrons to be attempted.
Another possibility would be to use one CZT and one PIPS detector. In theory, this 
may offer the possibility of a low background neutron detection via the PIPS 
detector, when used in coincidence with the CZT. The capability to carry out gamma 
measurement using the CZT detector would also be retained.
7.3 Pulse Shape Discrimination
Pulse shape discrimination to distinguish between charged particles and gamma 
photon interaction could be used with the CZT detectors in order to reduce gamma 
sensitivity. This might enable the retention of CZT detectors, with their ability to 
function as gamma detectors when required.
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